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OPERATION OF SOLAR CELL ARRAYS I N  DILUTE STREAMING PLASMAS 
by Robert K. Cole, H. S, Ogawa, and J .  M. Se l len ,  Jr. 
TRW Systems 
SUMMARY 
The operation of s o l a r  c e l l  a r r ays  i n  d i l u t e  streamfng plasmas has 
been examined. 
d i r ec t ed  aga ins t  s o l a r  c e l l  panels. Ion mass, ion  streaming v e l o c i t i e s  
and plasma d e n s i t i e s  simulate,  i n  genera l ,  conditions encountered by 
spacecraf t  o r b i t i n g  i n  t h e  lower ionosphere (300-500 kilometers a l t i t u d e ) .  
Electron drainage cu r ren t s  from t h e  plasma t o  t h e  s o l a r  ce l l  a r r ay  have 
been determined as func t ions  of c e l l  b i a s  p o t e n t i a l  and plasma dens i ty .  
Solar c e l l  b i a s  p o t e n t i a l s  have ranged from 0 t o  3000 v o l t s  p o s i t i v e  with 
respect t o  t h e  plasma. 
p o t e n t i a l s  have enacted severe power pena l t i e s  aga ins t  o v e r a l l  ce l l  operation. 
Deter iora t ion  of c e l l  i n su la t ing  material with consequent increase  i n  e l ec t ron  
drainage cur ren t  has been observed. 
drainage po in t s  with "pinhole" geometry and "slit" geometry has a l s o  been 
determined. 
operation have not been determined. 
are seen t o  increase  f o r  decreases i n  plasma dens i ty  corresponding t o  
increased spacecraf t  a l t i t u d e s ,  
Plasma streams generated i n  a plasma wind tunnel have been 
Electron drainage cu r ren t s  a t  high c e l l  b i a s  
Electron drainage t o  r ep resen ta t ive  
Exact l i m i t s  t o  c e l l  p o t e n t i a l s  f o r  continued non-deteriorative 
Poss ib le  operating p o t e n t i a l s ,  however, 
N 
INTRODUCTION 
The generation of on-board e l e c t r i c a l  power f o r  spacecraf t  has r e l i e d ,  
almost e n t i r e l y ,  upon s o l a r  cel l  a r r ays  
a r r ays  was  i n i t i a l l y  a t  a modest level, and a fo recas t  of f u t u r e  demands upon 
s o l a r  a r r ays  would, probably, have l imi ted  t h e  r o l e  which such devices would 
play as t h e  required level  of power increased. 
i n  t h e  development of a l t e r n a t i v e  means of power generation have delayed t h e  
emergence of opera t iona l  systems and have revised s u b s t a n t i a l l y  t h e  performance 
l e v e l s  which were predicted.  
hand, has benefited from seve ra l  innovations which w e r e  not present when 
earlier f o r e c a s t s  w e r e  formulated. Thus, it now becomes poss ib le  t o  consider 
s o l a r  a r rays  as candidates f o r  "high leve l"  power sources,  even i n  t h e  multi- 
kilowatt  range. 
The ava i l ab le  power from these  
However, t echn ica l  d i f f i c u l t i e s  
The development of s o l a r  a r r ays ,  on t h e  o the r  
For s o l a r  a r rays  de l iver ing  power a t  levels of t ens  of k i lowat t s ,  
t h e r e  are questions of t h e  most appropr ia te  cu r ren t s  and voltages.  I f  t h e  
vol tages  u t i l i z e d  are i n  the  conventional range, then thousands of amperes 
may be required.  
s i z e  of t h e  conductors t ranspor t ing  the  cur ren t .  I f ,  however, power could be 
de l ivered  a t  l e v e l s  of s eve ra l  thousand v o l t s ,  then t h e  power system, i t s e l f ,  
would only be required t o  handle cu r ren t s  of t h e  l e v e l  of amperes, 
t h i s ,  t h e r e  are s i t u a t i o n s  i n  which t h e  power is  most appropr ia te  when de l ivered  
a t  high vol tages  because of load requirements o r  power conditioning require- 
ments * 
This, i n  t u rn ,  places considerable demands upon t h e  physical 
Beyond 
The operation of s o l a r  cells a t  high p o t e n t i a l s  raises a series of 
problems, some of t hese  r e s u l t i n g  from t h e  na tu re  of t h e  space environment. 
I n  p a r t i c u l a r ,  t h e  ambient plasmas i n  space possess charge carriers of both 
p o l a r i t y  and one o r  t h e  o ther  of t hese  w i l l  d r i f t  t o  t h e  high vol tage  por t ions  
of t h e  s o l a r  a r r a y  i f  leakage paths can be es tab l i shed .  
e l ec t rons ,  t h e  negative charge carriers, g r e a t l y  exceeds t h a t  of t h e  ions ,  so 
t h a t  a major coneern would be r a i sed  f o r  s o l a r  ce l l  a r r ays  operated a t  high 
p o s i t i v e  p o t e q t i a l s .  Previous s t u d i e s  ( f o r  example, see NASA CR-54692) had 
The mobi l i ty  of 
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I 
es tab l i shed  t h a t  t h e  l e v e l  of e l ec t ron  drainage from t h e  space plasma t o  
exposed por t ions  of low p o s i t i v e  vol tage  s o l a r  cells w a s  s u f f i c i e n t  t o  
create problems i n  t h e  p o t e n t i a l  e q u i l i b r a t i o n  of t h e  spacecraf t  with t h e  
plasma and t h a t  p roh ib i t i ve ly  l a r g e  l e v e l s  of drainage r e s u l t  a t  even modest 
s o l a r  c e l l  p o t e n t i a l s  f o r  c e l l s  operating without cover g lasses .  
of t h e  program of research. here  reported was  t o  extend these  earlier f ind ings  
t o  s o l a r  ce l l  a r r ays  operating a t  p o t e n t i a l s  i n  t h e  k i l o v o l t  regime. 
The i n t e r e s t  
PROGRAM REVIEW 
The f i r s t  series of experiments were conducted with a s i l i c o n  s o l a r  
cel l  a r r ay  of "conventional" cons t ruc t ion  i n  which cover g l a s ses  were i n  p lace  
over t h e  cells ,  but t h e  interconnecting t abs  between cells were exposed and 
could act as drainage poin ts .  
tunnel" whose plasma stream simulates t h e  par t ic le  d e n s i t i e s  t h a t  e x i s t  i n  
t h e  lower ionosphere and whose plasma streaming ve loc i ty  i s  similar t o  t h e  
apparent plasma streaming ve loc i ty  experienced by an o r b i t i n g  spacecraf t  i n  
i t s  motion through t h e  ionosphere. 
plasma p o t e n t i a l ,  were applied t o  t h e  s o l a r  ce l l  a r r a y  and t h e  e l ec t ron  
drainage cu r ren t s  measured. 
f i r s t  w a s  t h a t  t h e  level of drainage t o  t h e  interconnecting t a b s  alone w a s  
p roh ib i t i ve  a t  p o t e n t i a l  b i a ses  of s eve ra l  hundred v o l t s ,  leading t o  power 
lo s ses  i n  t h e  drainage flow which are comparable t o  t h e  expected power 
generation from t h e  s o l a r  a r ray .  
behavior w a s  t h a t  t h e  e l e c t r o n  drainage w a s  uns tab le ,  exhib i t ing  regular ized  
o s c i l l a t i o n s  with frequencies i n  t h e  range of several kiloHertz.  
f l uc tua t ing  cur ren t  drainages would produce severe problems i n  spacecraf t  
p o t e n t i a l  e q u i l i b r a t i o n  with t h e  space plasma, p a r t i c u l a r l y  f o r  spacecraf t  
with s c i e n t i f i c  payloads. 
This s o l a r  a r r a y  w a s  placed i n  a "plasma wind 
P o s i t i v e  p o t e n t i a l s ,  relative t o  t h e  
Two major aspec ts  of behavior were noted. The 
The second major aspect of t h e  observed 
These 
The next d i r e c t i o n  f o r  t h e  program w a s  t o  apply an in su la t ing  sea l an t  
over t h e  interconnecting tabs and over any f u r t h e r  exposed areas such as 
those found on t h e  s o l a r  cells  a t  t h e  edges of t h e  cover g lasses .  
app l i ca t ion  of such a sea l an t  had proved s a t i s f a c t o r y  i n  reducing e q u i l i b r a t i o n  
The 
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problems f o r  t h e  spacecraf t  described i n  NASA CR-54692. 
present program considerable care  w a s  exercised i n  the  app l i ca t ion  of t h e  
sea l an t  with repeated appl ica t ions  and cureings t o  assure  t h a t  exposed areas 
w e r e  thoroughly insu la ted .  This t r e a t e d  panel w a s  then placed i n  t h e  plasma 
wind tunnel and p o s i t i v e  b i a s  p o t e n t i a l s  were applied. The i n i t i a l  behavior 
of t he  panel w a s  t h a t  drainage cu r ren t s  were w e l l  within t h e  t o l e r a b l e  l i m i t s  
f o r  b i a s  p o t e n t i a l s  up t o  several thousand v o l t s .  
cur ren ts  d id  increase  f o r  continued operation i n  t h e  plasma stream and, 
within a comparatively sho r t  i n t e r v a l  of t i m e ,  reached levels which w e r e  no 
longer permissible. Indeed, continued operation l e d  t o  power d ra ins  con- 
s iderably  i n  excess of t h e  power generation rate f o r  t h e  s o l a r  c e l l  a r ray .  
Continued operation i n  t h e  labora tory  w a s  poss ib le ,  i n  t h a t  t h e  power lo s ses  
were supplied by t h e  suppl ies  providing t h e  b i a s  po ten t i a l s .  
however, t h e  power drainage would be l imi ted  t o  t h a t  provided by t h e  s o l a r  
a r r ay  which would be i n  a s ta te  of t o t a l  compromise, 
For t h e  
However, t h e  drainage 
f 
I n  space, 
The most s i g n i f i c a n t  aspect of t h e  behavior noted here  w a s  t h e  d e t e r i -  
o ra f ive  na ture  of t h e  drainage. When t h e  s o l a r  panel w a s  withdrawn from t h e  
plasma wind tunnel it w a s  found t h a t  t he  in su la t idn  w a s  p a r t i a l l y  or t o t a l l y  
eroded i n  many p laces ,  thus  providing c l e a r l y  defined drainage paths f o r  t h e  
e lec t rons .  
and i ts  discovery r e su l t ed  i n  a major r ed i r ec t ion  of emphasis i n  t h e  program 
of research, 
The ex ten t  of t h e  ab la t ion  of material had not been expected, 
The experience of t h e  d e t e r i o r a t i o n  of t h e  "insulated" s o l a r  a r r ay  
ind ica ted  t h a t  even minute openings w e r e  capable of providing drainage paths 
f o r  e l ec t rons  and t h a t  t h e  power input t o  t h e  drainage po in t s  w a s  s u f f i c i e n t  
t o  cause an enlargement of t h e  drainage path,  leading eventually t o  a com- 
p l e t e  breakdown condition between t h e  s o l a r  a r r ay  and t h e  streaming plasma. 
The f u r t h e r  d e f i n i t i o n  of t h e  ind ica ted  process, however, would not proceed 
e a s i l y  with such a l a r g e  and comparatively complicated s t r u c t u r e  as t h e  
s o l a r  panel. Many separa te ,  small, i n i t i a l  drainage poin ts  could be 
pa r t i c ipa t ing  i n  t h e  drainage and t h e i r  geometries could be widely varyfng. 
To provide a more c l e a r l y  defined problem f o r  study, t h e  program turned t o  
recognizable and spec i f i ed  drainage pa th  s i z e s  and geometries, 
with these  drainage "pinholes" and "slits" confirmed t h a t  t he  co l l ec t ed  
The s t u d i e s  
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curren t  of e l ec t rons  is "anomalously" l a r g e  and t h a t  t h e  drainage power from 
these  cur ren ts  is s u f f i c i e n t  t o  create t h e  observed destruction of materials 
and enlargements of drainage paths,  The desc r ip t ion  of t h e  drainage as 
anomalous" is used here  t o  i n d i c a t e  t h a t  t h e  cur ren t  is  l a r g e  compared t o  I t  
t h a t  expected from a s t a t i o n a r y  plasma t o  t h e  drainage point.  
incident upon t h e  s o l a r  panel is, however, a streaming plasma s ince  t h e  
general  s i t u a t i o n  is  t h a t  relative motion does e x i s t  between a spacecraf t  
and t h e  space plasma. For a streaming plasma it would appear t h a t  t h e r e  are 
many f a c t o r s  cont r ibu t ing  t o  an increase  i n  the  allowable co l lec ted  cu r ren t ,  
compared t o  expected values f o r  s t a t i o n a r y  plasmas,  
are discussed i n  g rea t e r  d e t a i l  i n  t h e  body of t h e  r epor t .  
t i o n s ,  taken together with t h e  observed behavior, provide considerable in s igh t  
i n t o  the  behavior of t h e  s o l a r  cell-plasma stream configuration. 
The plasma 
Several of these  f a c t o r s  
These considera- 
Having examined t h e  behavior of s i l i c o n  s o l a r  cel l  a r r ays  with and 
without i n su la t ing  materials on the  interconnecting t abs ,  and the  behavior of 
def inable  pinholes and sl i ts ,  t h e  program turned f i n a l l y  t o  an examination of 
a CdS t h i n  f i lm  s o l a r  panel. Here t h e  panel material i s  t o t a l l y  encapsulated 
i n  t h e  c e l l  manufacturing process, with t h i n  in su la t ing  l aye r s  being outermost 
on t h e  seve ra l  l aye r s  comprising t h e  cell .  Such a cons t ruc t ion  should prevent 
any e l ec t ron  drainage, provided t h a t  t h e  in su la t ing  material i s ,  indeed, f r e e  
of even minute openings. 
plasma stream, and when p o s i t i v e  p o t e n t i a l  b i a ses  w e r e  applied t o  t h e  panel,  
it w a s  found t h a t  e l ec t rons  w e r e  being co l lec ted ,  
e lec t rons  w a s  s m a l l ,  similar t o  the  behavior observed when t h e  s i l i c o n  s o l a r  
panel w a s  under test.. The e l ec t ron  drainage t o  t h e  CdS panel a l s o  increased 
as a function of t i m e ,  eventually reaching levels of p roh ib i t i ve  power 
drainage. 
observed a t  which minor damage had occurred, and seve ra l  po in t s  of extensive 
charring of t he  in su la t ing  material were a l s o  noted. 
However, when t h e  s o l a r  panel w a s  placed i n  the  
The i n i t i a l  drainage of 
When t h e  panel w a s  removed from the  chamber numerous poin ts  were 
5 
CONCLUSIONS 
. 
The r e s u l t s  described above comprise the  major aspec ts  of t h e  o v e r a l l  
program of research. 
s o l a r  c e l l s  a t  p o s i t i v e  b i a ses  cannot proceed beyond c e r t a i n  l i m i t s  without 
increas ingly  des t ruc t ive  e f f e c t s  on t h e  a r r ay  and i ts  operation. 
are no t ,  however, c l e a r l y  defined. As t h e  dens i ty  i n  t h e  plasma stream is 
diminished, t h e  drainage cur ren ts  diminish and add i t iona l  p o s i t i v e  b i a ses  may 
be applied t o  t h e  ce l l  before a r r i v i n g  a t  some "threshold" f o r  des t ruc t ion .  
There would appear t o  be, thus ,  some " c r i t i c a l "  p o t e n t i a l  b i a s  which would 
vary as some inverse  power of t he  plasma dens i ty ,  Even t h i s  l oos ly  phrased 
c r i t i c a l i t y  is unclear,  however, s ince  t h e  allowable operation times before 
From t h e  program one may conclude t h a t  operation of 
These l i m i t s  
breakdown" f o r  an a c t u a l  s o l a r  a r ray  i n  space g r e a t l y  exceed t h e  t e s t i n g  I I  
t i m e s  u t i l i z e d  thus f a r  i n  t h e  laboratory.  
t he  conditions of manufacture f o r  t h e  s o l a r  panel material. 
t h e  CdS a r r ay  i n d i c a t e  t h a t  present manufacturing processes do not y i e l d  
in su la t ing  covers over t h e  c e l l  material which are f r e e  of pinholes. By 
increasing t h e  thickness of t h e  in su la t ing  material, bene f i t s  of e x t r a  
in su la t ion  would der ive ,  a t ,  however, a penalty of add i t iona l  weight t o  the  
s o l a r  a r ray .  
unknown, p a r t i c u l a r l y  i f  very extended periods of operation were demanded 
of t h e  s o l a r  a r ray .  
problems which are c r u c i a l  t o  t h e  operation of high p o s i t i v e  vol tage  s o l a r  
a r rays  i n  the  spaee plasma and has ind ica ted  d i r e c t i o n s  f o r  t h e  understanding 
and so lu t ion  of t hese  problems, 
F ina l ly  t o  be considered are 
The tests with 
Y e t ,  even the  allowable i n i t i a l  s i z e  of a pinhole remains 
I n  summary, t h e  program of research has i d e n t i f i e d  
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I. SILICON SOLAR CELL TESTS PERFORMED I N  AIR 
The f i r s t  experimental e f f o r t  of t h e  program w a s  t o  determine t h e  
current-voltage (I-V) c h a r a c t e r i s t i c s  of a s o l a r  cell  a r r ay  without p ro tec t ive  
cover g l a s ses  ("bare" s o l a r  c e l l s ) .  
c e l l s  connected e l e c t r i c a l l y  i n  series, and arranged i n  a 9 x 26 matrix.. 
This matrix covered an area of approximately 1 2 1  i n 2 .  
t h e  tests required i n  t h e  con t r ac t ,  a s o l a r  simulator w a s  fabr ica ted  and a 
r ad ia t ion  i n t e n s i t y  monitor w a s  inves t iga ted .  
The panel consisted of 234 s i l i c o n  s o l a r  
I n  preparation f o r  
The s o l a r  simulator consisted of four Sylvania FBZ, 1000 w a t t ,  3400°K 
The lamp a r r a y  f ros t ed  lamps which w e r e  mounted i n  Sylvania SGA r e f l e c t o r s .  
w a s  supported by a s t r u c t u r e  enabling i n t e n s i t y  v a r i a t i o n s ,  and designed s o  
t h a t  i t  could be conveniently placed i n t o  t h e  4' x 8'  plasma wind tunnel.  
Immediately ava i l ab le  f o r  i n t e n s i t y  d i s t r i b u t i o n  measurements w a s  a TRW model 
43A radiometer which had been previously ca l ib ra t ed  by the  Environmental T e s t  
Laboratory of TRW. 
The f i r s t  experiments were performed i n  a i r  i n  order t o  relieve the  
anx ie t i e s  of high c e l l  temperatures produced by t h e  lamps. 
lamps, t h e  va r i a t ions  i n  r a d i a t i o n  i n t e n s i t y  had been reduced t o  less than 
10% f o r  t h e  area covered by the  s o l a r  e e l 1  panel. 
a 118 inch f i b e r  g l a s s  i n su la t ing  board and w a s  located i n  a plane 34 inches 
from t h e  plane of t he  lamps where t h e  condition of 0 .1  watt/cm2 ("one sun") 
w a s  obtained. 
By ad jus t ing  t h e  
The panel w a s  mounted on 
With t h e  configuration described above, t h e  I-V response of t h e  "bare" 
s i l i c o n  s o l a r  c e l l s  w a s  determined. 
Vo, and t h e  sho r t  e f r e u i t  cu r ren t ,  
t h e  temperature of t h e  panel. 
i n  air .  
output power, 
magnitude P = 4 w a t t s ,  A s  t he  panel temperature increased, V decreased, max 0 
and I increased. Both had changed by a s u b s t a n t i a l  amount, From t h e  above 
tests, it became obvious t h a t  a d i f f e r e n t  method of d a t a  acqu i s i t i on  w a s  
necessary. Previously, ind iv idua l  load r e s i s t o r s  were shunted across the  
A s  expected, t he  open c i r c u i t  vo l tage ,  
of t h e  s o l a r  c e l l  a r r ay  depended on 
Variations i n  I-V curves were observed even 
Is 9 
A t  room temperature (24'C) Vo% 125 V and Is !% 50 m a .  The maximum 
occurred with a load impedance of 200052 and had t h e  'max, 
S 
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s o l a r  ce l l  output t o  measure t h e  output power, 
w a s  developed and w i l l  be described i n  one of t h e  following sec t ions .  
Later, a much quicker method 
Following t h e  i n i t i a l  experiments, p ro t ec t ive  cover g l a s ses  were 
placed over t h e  ind iv idua l  s o l a r  c e l l s .  The t ransparent  i n s u l a t o r s  are 
0.006 inch th i ck ,  and are described as b lue  r e f l e c t i n g  cover g l a s ses  on 
microsheet. The bonding r e s i n  used w a s  Dow-Corning XR-63489. These cover 
g l a s ses  are of t h e  same type used by TRW f o r  such in t e rp l ane ta ry  veh ic l e s  
as the  Pioneer spacecraf t .  
i n t e n s i t y  through the  cover g l a s ses ,  I-V c h a r a c t e r i s t i c s  were again measured. 
The s o l a r  cell  response w a s ,  i n  general ,  similar t o  the  response of t h e  
To determine t h e  e f f e c t  of reduced r ad ia t ion  
bare" s o l a r  c e l l ,  however, a decrease i n  Vo t o  100 V and a decrease i n  I 1 1  
S 
t o  35 m a  w a s  observed. 
a load of 3000Q. These last  measurements were repeated with t h e  s o l a r  c e l l  
mounted i n  t h e  4' x 8 '  vacuum chamber without any s i g n i f i c a n t  changes. 
Furthermore, no e f f e c t  w a s  observed on the  I-V response when t h e  s o l a r  c e l l s  
were biased up t o  1000 V. It should be noted t h a t  t hese  last measurements 
were taken i n  vacuum with no inc ident  plasma, 
A maximum output power of 2.5 w a t t s  w a s  recorded f o r  
11. SILICON SOLAR CELL TESTS PERFORMED I N  THE 
PLASMA W I N D  TUNNEL 
The s o l a r  lamp s t r u c t u r e ,  s o l a r  ce l l  panel,  and t h e  Kaufman ion engine 
were mounted i n  t h e  plasma wind tunnel as shown i n  Fig,  1. 
f igu re  i s  t h e  radiometer used i n  monitoring the  l i g h t  i n t e n s i t y  during t h e  
experiments. 
a x i s  of t h e  lamp-solar ce l l  a r r ay  which i s  a l s o  t h e  axis of t h e  streaming 
plasma. I n  t h i s  configuration t h e  monitor samples t h e  output from each 
lamp through a p l ex ig l a s s  window and is shadowed from t h e  ion source by 
the  s o l a r  panel., 
with t h e  monitor a t  a d i s t ance  corresponding t o  about 0 . 3  sun i n t e n s i t y .  
Inves t iga t ion  of an RCA 1 P 2 1  photomultiplier as a monitor showed promising 
r e s u l t s ;  however, i ts use  would r equ i r e  a very s t a b l e  vol tage  input and 
temperature conditions not ava i l ab le ,  
was measured by an iron-cgnstantan thermocouple a t tached  d i r e c t l y  behind a 
spare S i  s o l a r  ce l l  which was mounted on a 1/8" f i b e r  g l a s s  board similar t o  
the s o l a r  panel. 
a t  a point where t h e  l i g h t  i n t e n s i t y  w a s  approximately 1.0 sun. With the  
lamps on f o r  a period of one minute, t h e  temperature increased 20 cent igrade  
degrees, It i s  assumed t h a t  t h e  temperature rise of t h e  s o l a r  ce l l  panel i s  
equivalent.  The var ious  probes shown i n  Fig.  1 are used f o r  plasma diagnos- 
t i c s ,  
suppressor g r id .  
Not shown i n  t h e  
This monitor w a s  posit ioned outs ide  t h e  vacuum chamber on the  
Sa t i s f ac to ry  performance of t h e  radiometer was obtained 
The temperature of t h e  s o l a r  c e l l s  
The monitor w a s  placed i n  t h e  plane of t h e  s o l a r  c e l l  panel 
The J+ probes are 1/8" d i a .  Faraday cups which include an e l ec t ron  
The emissive probes are used t o  measure t h e  plasma p o t e n t i a l .  
The s o l a r  c e l l  panel was placed 30 inches from t h e  s o l a r  simulators 
which were adjusted t o  give t h e  i n t e n s i t y  d i s t r i b u t i o n  shown i n  Fig. 2.  
This d i s t ance  was chosen so t h a t  enough l i g h t  would be co l lec ted  by the  
radiometer t o  monitor t h e  l i g h t  i n t e n s i t y .  
The schematic t o  t h e  plasma source and s o l a r  ce l l  t e s t i n g  configuration 
is shown i n  Fig. 3.  Argon gas d i f f u s e s  under pressure  through a porous 
tungsten plug i n t o  t h e  bombardment chamber. 
through t h e  p o t e n t i a l  Vs - V 
is  the  g r i d  voltage.  
and are simultaneously neut ra l ized  by a hot tungsten fi lament.  
t h e  spreader g r i d s  provide a decrease i n  ion  dens i ty  of t h e  plasma and 
supplements the  beam a t t enua to r s  placed downstream from t h e  Kaufman sourceo 
Ions produced are acce lera ted  
is  t h e  pulsed screen vol tage  and VG where V G S 
The ions  are decelerated t o  a f i n a l  energy of e(VS - VN) 
Voltages t o  
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Figure 2.  Dis t r ibu t ion  of r ad ia t ion  i n t e n s i t y  across 
1 2 1  in2 s o l a r  ce l l  panel. 
t o  one sun. 
1.00 is  equivalent 
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The n e u t r a l i z e r  b i a s  voltage,  VN, determines the  f i n a l  plasma p o t e n t i a l ,  
This p o t e n t i a l  is maintained pos i t fve  relative t o  t h e  tank w a l l s  i n  order 
t o  prevent plasma e l ec t rons  from draining t o  these  surfaces.  The c i r c u i t r y  
f o r  p l o t t i n g  t h e  I-V c h a r a c t e r i s t i c  curves f o r  t h e  s o l a r  cel l  panel is  a l s o  
shown i n  Fig. 3, 
t h e  same b i a s  p o t e n t i a l ,  VB, as t h e  s o l a r  cel l  panel. 
potentiometer (lOs2 t o  1OKQ) serves as the  v a r i a b l e  load, % e  
t h e  recorder measures t h e  output vo l tage  and the  y-axfs measures t h e  load 
cur ren t  by means of t h e  p o t e n t i a l  generated across t h e  fixed r e s i s t o r  
r (0015Q). The motor driven potentiomeeer compEetes an I-V c h a r a c t e r i s t i c  . 
curve i n  1 2  seconds, and the re fo re  two successive curves can be obtained with 
about a 1% change i n  panel output vo l tage  due t o  temperature changes. 
e l ec t ron  drainage cu r ren t ,  ID, from t h e  plasma through t h e  s o l a r  c e l l  panel 
t o  ground is  measured by t h e  r e s i s t o r  R,, 
c i r c u i t r y  d id  not provide any o ther  conductance path t o  ground, leakage 
tests were performed i n  the  absence of t h e  plasma stream. 
off i n  a vacuum of 2 x 
. po ten t i a l s  up t o  2500V. Furthermore, with the  lamps on, t he  I-V response 
a t  VB = 0 and VB = 100OV were e s s e n t i a l l y  overlays of each o ther ,  demonstrating 
t h e  leakage cur ren ts  from the  panel t o  ground are, i f  anything, small compared 
t o  t h e  cu r ren t s  i n  t h e  load r e s i s t o r ,  
through an i s o l a t i o n  transformer, and precautions were made t o  minimize t h e  
dangers of contact with t h e  high vol tages  by operating personnel. 
These curves are p lo t t ed  with t h e  x-y recorder which is  a t  
A motor driven 
The x-axis of 
e 
The 
To ensure t h a t  t he  present 
With t h e  lamps 
mm Hg, no leakage w a s  observed wi th  b i a s  
Power t o  t h e  x-y recorder w a s  provided 
A. SOLAR CELL CONNECTING TABS EXPOSED 
The plasma dens i ty  d i s t r i b u t i o n  f o r  an argon beam across  t h e  s o l a r  
panel is shown i n  Fig. 4 ,  
probe loca ted  midway along t h e  a x i s  of t h e  plasma wind tunnel. 
p r o f i l e s  i n d i c a t e  a r e l a t i v e l y  uniform plasma column with very l i t t l e  effect 
due t o  p o t e n t i a l  b i a ses  on t h e  so fa r  c e l l s .  
c lo se  proximity t o  the  s o l a r  panel r a i sed  t h e  p o s s i b i l i t y  of acc iden ta l  
vo l tage  breakdown, 
chamber, t he  plasma column is  even more uniform towards the  rear of t h e  
chamber; however, t h i s  i s  accompanied with a s l i g h t  l o s s  i n  dens i ty .  
These measurements were obtained with t h e  J++(C) 
The beam 
J+(B) w a s  not used because i t s  
Because t h e  p l a s m  expands as it progresses through t h e  
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The f i r s t  series of experiments performed with an  inc ident  Argon 
plasma w a s  t h e  measurement of e l ec t ron  drainage cu r ren t s  as a func t ion  of 
so l a r  cel l  b i a s  p o t e n t i a l s .  
however, because of t h e  magnitude of t h e  drainage cu r ren t s  which were observed 
t o  flow t o  t h e  exposed connecting t ab  and edges of t h e  so l a r  c e l l s .  Measure- 
ments were f i r s t  obtained with a plasma of dens i ty  n+ = 7.2 x l o 5  ions/cm3 
and an ion  streaming ve loc i ty  v = 16 Km/sec. 
cancelled by means of degaussing c o i l s  around t h e  vacuum chamber and t h e  s o l a r  
panel terminals were shor t  c i r c u i t e d .  
p lo t t ed  as a func t ion  of t h e  s o l a r  panel b i a s  p o t e n t i a l  VB i s  presented i n  Fig. 
5. 
0 f VB 1. 600 v o l t s .  
t h i s  la t ter  b i a s  and represents  about 15% of t h e  shor t  c i r c u i t  cur ren t  of t h e  
s o l a r  c e l l s  i l luminated with one sun. A s  t h e  b i a s  was increased, t h e  cur ren t  
co l lec ted  began t o  o s c i l l a t e  a t  a d e f i n i t e  frequency of approximately 5 KHz. 
Further increase  i n  t h e  b i a s  vol tage  produced a sharp increase  i n  the  ampli- 
tude of t h e  o s c i l l a t i o n s  i n  I These o s c i l l a t i o n s  were a l s o  observed on t h e  D" 
n e u t r a l i z e r  which was supplying t h e  e l ec t rons ,  t h e  J+ probes and t h e  emissive 
probes. 
t r a c t i n g  plasma column. 
subs is ted ,  and a vol tage  much lower than t h e  "threshold" vol tage  ( t h e  onset 
point f o r  "large" o s c i l l a t i o n s )  had t o  be reached before o s c i l l a t i o n s  were 
quenched., It i s  speculated t h a t  t h i s  "hysteresis" e f f e c t  is mostly due t o  
changes i n  t h e  conduction paths on t h e  sur face  of t h e  s o l a r  cel l  panel 
caused by l o c a l  hea t ing ,  
Measurements of t h e  I-V response w e r e  not taken, 
The Ear th ' s  magnetic f i e l d  w a s  + 
D The e l ec t ron  drainage cu r ren t  I 
The drainage cur ren t  I increases approximately with (V )2  over t h e  range D B 
The magnitude of t h e  cur ren t  was p roh ib i t i ve ly  high a t  
The behavior of t h e  system seemed t o  be t h a t  of an expanding and con- 
A s  t h e  b i a s  vol tage  w a s  reduced t h e  o s c i l l a t i o n s  
The na tu re  of t h e  o s c i l l a t i o n s  were f u r t h e r  studied using a X e  plasma 
+ with n+ = lo5  ions/cm3 and v 
VB = 640 V. 
found t h a t  by l imi t ing  t h e  e l ec t ron  flow t o  t h e  s o l a r  cells  t h e  system would 
s top  o s c i l l a t i n g ,  
t u r e  and a l s o  by applying a 5 gauss magnetic f i e l d  t ransverse  t o  the  plasma 
flow. 
t h e  plasma p o t e n t i a l  a few v o l t s  and increasing t h e  ion  energy. 
= 8 Km/sec. S i m i l a r  o s c i l l a t i o n s  appeared a t  
Various parameters were var ied  t o  quench t h e  o s c i l l a t i o n .  It w a s  
This was accomplished by lowering t h e  n e u t r a l i z e r  tempera- 
Other methods by which the o s c i l l a t i o n s  were quenched were r a i s i n g  
Experiments measurfng t h e  e l ec t ron  drainage cu r ren t s  were repeated 
f o r  var ious  dens i ty  argon beams (n+ = 0.3 x l o 6 ,  1.1 x l o 6 ,  1.9 x lo6  ions/cm3) 
a t  v = 16 Km/sec. The r e s u l t s  of these  experiments are shown i n  Fig. 6. + 
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Figure 5 .  Silicon solar c e l l  panel drainage current (cover 
glasses in  place, exposed connecting tabs) as 
function of bias voltage. Chamber degaussed, 
pulsed argon plasma n 
v = 16 Kmfsec. 
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Figure 6. Silicon solar cell panel drainage current 
(cover glasses in place, exposed connecting 
tabs) as function of bias voltage VB. 
argon plasma, (A) n+ = 1.1 x 106 ions/cm3, 
(B) 
ions/cm3, each with v+ = 16 Km/sec. 
Pulsed 
1.9 x l o6  ions/cm3, (6) n+ = 0.3 x lo6 
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I n  these  experiments % w a s  sho r t  c i r c u i t e d  (% = 0) because t h e  l i g h t  
i n t e n s i t y  from t h e  n e u t r a l i z e r  w a s  s u f f i c i e n t  t o  produce l a r g e  vol tage  
gradien ts  along t h e  s o l a r  c e l l  panel of about 40 v o l t s .  
applied t o  t h e  negative terminal of t h e  s o l a r  a r r a y  t h e r e  w a s  no s i g n i f i c a n t  
change i n  t h e  drainage cu r ren t  when t h e  shor t ing  conductor was removed. 
might be expected s ince  t h e  e l ec t rons  normally flow i n t e r n a l l y  from t h e  
p o s i t i v e  t o  t h e  negative terminal with a s m a l l  i n t e r n a l  r e s i s t ance  i n  t h e  
forward d i r e c t i o n .  
With t h e  b i a s  VB 
This 
A l l  measurements of t h e  drainage cur ren t  were made with 
t h e  b i a s  applied t o  t h i s  negative terminal of t he  s o l a r  panel and with t h e  
panel sho r t  c i r c u i t e d .  I n  each of t h e  s t a t e d  curves, o s c i l l a t i o n s  were 
observed f o r  t h e  maximum V p lo t t ed .  These curves show extremely high elec- 
t ron  drainage with rap id  increases  f o r  vo l tages  above 300 V. The dependence 
of I with n is not w e l l  understood i n  t h e  f i r s t  series of experiments. 
However, t o  ge t  some i n s i g h t  of t he  behavior, and f o r  convenience i n  compari- 
son of t he  various da t a ,  a r e p l o t  of Figs,  5 and 6 has been made holding VB 
fixed. This set of curves i s  shown i n  Fig. 7 f o r  VB = 200,  300, 350 v o l t s .  
The da ta  here  do show t h e  compensating e f f e c t s  of sheath growth a t  lower 
d e n s i t i e s  a 
B 
D + 
B. SOLAR CELL CONNECTING TABS PAINTED WITH EPOXY 
The r e s u l t s  obtained with exposed interconnecting t a b s  had demonstrated 
t h a t  drainage cu r ren t s  were p roh ib i t i ve ly  high f o r  t h i s  mode of operation. 
Accordingly, t h e  exposed s o l a r  c e l l  connecting t a b s  and those  edges of t h e  
s o l a r  c e l l s  l e f t  exposed by t h e  cover g l a s s  were painted with an appropr ia te  
i n su la to r .  The sea l an t  s e l ec t ed  w a s  an epoxy r e s i n  (Epon 8 2 8 )  with a curing 
agent (Epon V-40) i n  a mixture of 50%-50%. The epoxy w a s  c a r e f u l l y  applied 
by hand and allowed t o  dry a t  room temperature f o r  24 hours. 
w a s  repeated four t i m e s  t o  ensure t h a t  proper i n s u l a t i o n  w a s  achieved, 
epoxy w a s  a l s o  applied so  as not t o  i n t e r f e r e  with t h e  normal l i g h t  co l l ec t ion .  
This procedure 
The 
The s o l a r  ce l l  panel w a s  then re-positioned i n  t h e  vacuum chamber and 
"dark" (no sun) e l ec t ron  drainage measurements were made with an inc ident  
argon plasma. 
t h e  r e s u l t s  i n  Fig. 8 were obtained. Comparison with the  r e s u l t s  obtained 
f o r  t h e  exposed t ab  condition, show a s u b s t a n t i a l  decrease i n  t h e  drainage 
With % = 0, n+ = 4.5 x l o 5  ions/cm3, and v+ = 50 Km/sec, 
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curren t .  
1.5 m a  of e l ec t ron  d r a i n  w a s  observed. 
zero and it w a s  decided t h a t  t h e  lower ve loc i ty  inc ident  ion  beam should be 
applied t o  t h e  s o l a r  cel l  panel. 
t h e  dens i ty  increased t o  8 x l o 5  ions/cm3. Another I vs. V curve w a s  taken 
and t h e  r e s u l t s  are shown on Fig. 9. Apparently with t h i s  condition, s u f f i c i e n t  
drainage cur ren t  was co l l ec t ed  t o  break down the  in su la t ion .  As shown i n  Fig. 
9, t h e  drainage cur ren t  was s u b s t a n t i a l l y  higher than i n  Fig. 8. In both cases 
t h e  drainage cur ren t  appeared a t  VB = 200 V. 
is  genera l ly  an order of magnitude higher. 
ve loc i ty  conf igura t ion  t h e  d a t a  obtained show t h a t  as t h e  b i a s  vol tage  increased 
from 450 V t o  500 V, a very sharp increase  from 20 ma t o  100 m a  i n  t h e  drainage 
eur ren t  occurred. It w a s  decided t o  run I-V c h a r a c t e r i s t i c s  immediately before 
subjec t ing  t h e  panel t o  any f u r t h e r  damage. Holding n+ a t  8 x l o 5  ions/cm3 
and v = 18 Km/sec, t h e  I-V response curves shown i n  Fig.  10 were obtained. 
The d a t a  shown i n  t h i s  f i g u r e  are r e p l o t s  from the  d a t a  obtained from the  x-y 
recorder a t  a condition of "one sun" r ad ia t ion  i n t e n s i t y  and f o r  b i a s  vo l tages  
of VB = 0 ,  195, and 410 v o l t s  respec t ive ly ,  
similar t o  t h e  zero b i a s  response. 
was reduced by a f a c t o r  of 2. See Fig. 11. The b i a s  vol tage  w a s  then 
inereased t o  510 V.  However, t h e  response had an erratic behavior, and very 
l i t t l e  use fu l  power could be observed, 
than 10 V and t h e  sho r t  c i r c u i t  cur ren t  less than 5 m a .  These d a t a  are not 
shown on t h e  f i g u r e ,  
should be t h e  same as shown i n  Fig. 9 s ince  the  I vs.  V 
j u s t  p r i o r  t o  t h e  I - V  c h a r a c t e r i s t i c  measurements. 
Furthermore, no o s c i l l a t i o n s  were observed. A t  VB = 1000 V only 
The b i a s  vol tage  w a s  then reduced t o  
When t h e  ve loc i ty  was reduced t o  18 Km/sec 
D B 
However, i n  t he  lat ter case I,, 
With t h e  higher dens i ty ,  lower 
+ 
The response f o r  V = 195 V was B 
With VB = 410 V ,  t h e  maximum output power 
The open c i r c u i t  vo l tage  w a s  less 
The e l ec t ron  drainage cu r ren t s  were not measured but 
curve w a s  obtained D B 
Attention then w a s  d i r ec t ed  on t h e  in su la t ion  breakdown phenomena. 
The ion beam w a s  turned off f o r  s eve ra l  hours t o  permit t h e  s o l a r  panel t o  
cool. 
applied t o  t h e  s o l a r  ce l l  panel. 
c i r cu i t ed  (\ = m). 
ing drainage cur ren t  w a s  recorded and shown i n  Fig. 1 2 .  
w a s  g r e a t e r  than t h e  f i r s t  measurement with the  s o l a r  c e l l  t abs  painted,  
however, much less than t h e  measurement where an apparent breakdown occurred. 
An argon plasma with n = l o6  ions/cm3 and v+ = 18 Kmlsec w a s  then + 
The s o l a r  cells i n  t h i s  case were open 
The b i a s  vol tage  w a s  varied t o  2000 V and t h e  correspond- 
The drainage cu r ren t  
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Figure 9. S i l icon  so la r  c e l l  panel drainage current  
(cover g lasses  i n  place,  epoxy on connecting 
t abs  and edges of so l a r  c e l l s )  as function of 
b i a s  voltage. Effect  of vol tage breakdown of 
epoxy insulator .  Pulsed argon plasma 
n = 8.0 x l o 5  ions/em3 and v + + = 18 Km/sec. 
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Figure 11. Si l icon  so la r  c e l l  panel output power as function 
of load res i s tance  (cover g lasses  i n  place,  epoxy 
on connecting tabs  and edges of so l a r  cells) f o r  
b i a s  vol tage of (A) VB = 0 v o l t s ,  (B) VB = +195 
v o l t s ,  and (C) VB = +4LO v o l t s .  
plasma n = 8.0 x lo5 ions/cm3 and v + + 
Pulsed argon 
= 18 Km/sec. 
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Figure 12. S i l icon  s o l a r  c e l l  drainage current  (cover 
g lasses  i n  place,  epoxy on connecting t abs  
and edges of so l a r  cells) as function of 
b i a s  vol tage following i n i t i a l  breakdown of 
epoxy insulat ion.  Pulsed argon plasma 
n = 1.1 x lo6 ions/cm3 and v+ = 18 Km/sec. + 
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For b i a s  vol tages  above 1000 V small o s c i l l a t i o n s  were observed. 
amplitudes were by no means as l a r g e  o r  dramatic as i n  t h e  case f o r  which 
t h e  so l a r  cel l  t abs  were exposed; however, t he  frequency was approximately 
t h e  same. The b i a s  vol tage  was held a t  2000 V,  and as t i m e  progressed t h e  
drainage cu r ren t  w a s  seen t o  increase  u n t i l  a sharp breakdown again occurred. 
This t i m e  t h e  cur ren t  w a s  l a r g e  enough t o  blow t h e  pro tec t ion  fuse  of t h e  
b i a s  power supply which w a s  r a t ed  a t  500 m a .  
10 minutes t h e  2000 V condition was re-established. The drainage cur ren t  
re-established a t  40 m a  and w a s  increasing with t i m e ,  During t h i s  run, 
l i g h t  f l a s h e s  were v i s i b l e  a t  various po in t s  over t he  s o l a r  c e l l  panel, 
and what appeared t o  be a steady state discharge could be seen. 
was then removed from t h e  chamber and examined, Considerable damage t o  t h e  
epoxy insu la t ion  w a s  found, and a t  a few places t h e  epoxy had "bubbled" as 
can be seen i n  t h e  photographs i n  Fig. 13. 
l a r g e r  conducting po in t s  and pinholes which were not present before t h e  
test. Presumably, very t i n y  exposed po in t s  were present ,  and prolonged 
t e s t i n g  produced enough heating t o  a b l a t e  t h e  material. The removal of 
material could then cause high pressure regions near t h e  conduction po in t s  
and consequently cause l o c a l  discharges,  
c e l l  panel sur face  contains many unknown conduction poin ts  with varied 
geometries, and therefore  only a q u a l i t a t i v e  understanding can be obtained. 
The 
After t he  b i a s  w a s  off  f o r  
The panel 
A c l o s e r  examination revealed 
It must be noted t h a t  t h e  s o l a r  
A t  t h i s  t i m e  i t  was decided t h a t  experiments be conducted using 
simulated cells. This served two advantages. F i r s t ,  experiments could be 
performed without t h e  r i s k  of damaging t h e  s o l a r  ce l l  panel,  and second, 
experiments could be performed with conducting samples of known geometry 
and descr ibable  conduction paths. 
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Figure 13. S i l i con  s o l a r  ce l l  panel a f t e r  exposure t o  
pulsed argon plasma with high b i a s  po ten t i a l s .  
"Bubbles" and holes w e r e  produced i n  epoxy 
insu la t ion .  
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111. CONDUCTING SAMPLES OF KNOWN GEOMETRIES CONSTRUCTED 
WITH DESCRIBABLE CONDUCTION PATHS 
D i f f i c u l t y  i n  i n t e r p r e t i n g  t h e  d a t a  obtained with t h e  s o l a r  ce l l  
panel led  t o  cons t ruc t ion  of conducting samples with known sur face  area, 
shape, and conductance path. 
The f i r s t  of t hese  samples (Sample A) w a s  an A 1  s t r i p  0.50 inch X 0.70 inch 
covered with a 0.050 inch coating of t he  same epoxy used t o  i n s u l a t e  t h e  s o l a r  
ce l l  connecting tabs .  
conducting pa ths  were present i n  t h e  sample. 
of t h e  plasma wind tunnel a t  t h e  plane where t h e  s o l a r  ce l l  panel had been 
formerly placed. 
t o  2000 V. 
sample w a s  allowed t o  increase  i n  temperature t o  100OC. 
t h a t  no leakage paths were present ,  t h e  sample was removed from t h e  chamber 
and a hole  of 0.010 inch diameter was d r i l l e d  through t h e  epoxy coating t o  
expose t h e  conducting sur face .  
before t h e  pinhole had been d r i l l e d  with t h e  s o l a r  ce l l  panel i n  t h e  background 
t o  g ive  perspective.  The photograph shown i n  Fig. 14b is a .010 inch diameter 
pinhole magnified by 200. 
had been applied t o  t h e  sample. 
e l e c t r o n  drainage experiments were performed with an argon plasma of 
n 
cur ren t  measured less than 0.1 m a  as t h e  sample w a s  biased t o  2000 V. 
prolonged exposure a t  high b i a s  p o t e n t i a l s ,  a growth i n  drainage cu r ren t s  
along with some damage around t h e  pinhole w a s  observed. 
t e s t e d  f o r  4 1 /2  hours running t i m e  with several parameters var ied  s o  t h a t  
some understanding of t h e  behavior of t h e  i n t e r a c t i o n  between t h e  sample 
and t h e  inc iden t  plasma streams could be a t t a ined .  
measurement of t h e  e l e c t r o n  drainage had been taken, temperature e f f e c t s  due 
t o  t h e  hea t  generated by t h e  s o l a r  simulator were examined. 
lamps a temperature of approximately 40'6 was  measured a t  t h e  plane of t h e  
sample, 
n e u t r a l i z e r ,  
The f i r s t  tes t  performed w a s  t o  determine whether any 
Sample A w a s  mounted on t h e  ax ik  
An argon plasma beam w a s  applied and t h e  sample w a s  biased 
No leakage was found. The sun lamps were then applied and t h e  
When i t  w a s  s a t i s f i e d  
The photograph i n  Fig. 14a shows Sample A 
Both p i c t u r e s  were taken before an inc ident  plasma 
Sample A w a s  posit ioned i n  the  chamber and 
= 1 x lo6  ions/cm3 and v+ = 16 Km/sec. I n i t i a l l y ,  t he  e l ec t ron  drainage 
With 
+ 
The sample w a s  
After t h e  i n i t i a l  
Without t h e  
This temperature i s  pr imar i ly  due t o  t h e  r a d i a t i o n  from t h e  engine 
With t h e  b i a s  p o t e n t i a l  of 1000 V,  t h e  sun lamps were turned 
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Figure 14a. Sample A without pinhole with s o l a r  
cel l  a r r ay  i n  background. 
Figure 14b. Sample A with 0.010 inch pinhole d r i l l e d  
(X200 magnification).  Both photographs 
taken before tests w e r e  performed. 
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on f o r  1 minute and temperatures increased t o  60OC. 
observed i n  t h e  drainage cur ren t  which remained less than 0.1 m a .  
sun lamps were turned o f f ,  t h e  b i a s  vol tage  w a s  maintained a t  1000 V and 
after 20 minutes t h e  sample cooled t o  45OC. 
i n  t h e  epoxy occurred. 
The b i a s  vol tage  w a s  then increased t o  2000 V and t h e  drainage cur ren t  
increased t o  1 m a .  
during t h i s  period t h e  e l ec t ron  c o l l e c t i o n  increased t o  2.3 ma.  
lamps were again turned,on u n t i l  t h e  sample's temperature increased t o  7OoC 
and again t h i s  had no e f f e c t  on t h e  cur ren t  co l lec ted  by t h e  sample. 
w a s  reduced t o  n+ = 7 x l o 5  ions/cm3, v+ w a s  held f ixed ,  and t h e  e l ec t ron  
current consequently diminished t o  1.25 ma.  This i s  i n d i c a t i v e  but by no 
means proof t h a t  t h e  drainage cur ren t  i s  somehow propor t iona l  t o  t h e  dens i ty .  
A t  t h i s  dens i ty  the  drainage cur ren t  remained r e l a t i v e l y  constant f o r  1 1 / 2  
hours. 
on t h e  e l ec t ron  drainage cur ren t .  
No increase w a s  
The 
A t  t h i s  t i m e  a small breakdown 
The e l ec t ron  drainage cur ren t  increased t o  0.2 ma.  
This b i a s  vo l tage  was maintained f o r  1 1 / 4  hours, and 
\ 
The sun 
The plasma 
The next tes t  w a s  t o  see what e f f e c t  an increase  i n  ion  energy had 
A s  t he  ion  streaming ve loc i ty  w a s  increased 
, from 16 t o  52 Km/sec t h e  dens i ty  changed t o  n+ = 1.4 x lo6 ions/cm3. The 
change i n  voloc i ty  corresponds t o  a change i n  energy from 50 ev t o  550 ev 
ions.  
increased t o  4 m a  which is more than a f a c t o r  of 3 higher than w a s  pre- 
v ious ly  obtained. It must be noted then t h a t  some of t h e  increase  may be 
due t o  t h e  increase  i n  plasma dens i ty .  
t o  2800 V a t  which po ie t  a glowing discharge w a s  observed i n  t h e  pinhole. 
The drainage cur ren t  a t  t h i s  t i m e  w a s  4.5 ma.  The ion  energy w a s  reduced 
again t o  50 ev, and t h e  I vs .  V curve shown i n  Fig. 15 w a s  taken. The dra in-  
age cu r ren t s  w e r e  s l i g h t l y  l a r g e r  than those  t h a t  were obtained before t h e  high 
energy ions w e r e  applied.  
chamber and examined. The hole  d i d  not appear l a r g e r ;  however, c l o s e  
examination revealed e ros ion  around t h e  edge of t h e  pinhole and a s l i g h t  
elongation. 
t h e  char r ing  around t h e  pinhole. 
magnification. 
The drainage cur ren t  when 2000 V b i a s  w a s  applied t o  t h e  sample 
The b i a s  vol tage  w a s  then increased 
D B 
After  t h i s  test  t h e  sample w a s  removed from the  
Fig. 16a gives an o v e r a l l  v i e w  of sample A and c l e a r l y  shows 
Fig. 16b shows the  pinhole with 200 
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Figure 16a. Overall  view of Sample A shows 
charr ing about t h e  pinhole. 
Figure 16b. Pinhole of Sample A a f t e r  i n i t i a l  
exposure (X200 magnification).  
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Sample A was  then replaced i n t o  t h e  chamber and again exposed t o  an 
inc ident  argon plasma of n 
t h e  sample biased 4-3000 V, less than 0 .1  m a  of e l ec t ron  cur ren t  w a s  co l l ec t ed .  
Af te r  a sho r t  while t h e  pinhole began t o  glow as before. 
drainage cur ren t  sharply increased. 
o f f .  
t i m e  a t  VB = 1400 V, with I,, = 0.8 ma.  
and then increased again slowly. 
spo t s  of l i g h t  were seen t o  glow around the  edges of t h e  pinhole. I n  order 
t o  determine t h e  e f f e c t s  f o r  negative b i a s  vol tages  on t h e  sample, t h e  
p o l a r i t y  wag reversed and VB = -3000 V w a s  applied t o  Sample A. 
of subs tan t jve  amplitude w a s  co l l ec t ed  by t h e  sample with negative b i a s .  
The sample w a s  then removed and re-examined under X20 magnification. 
photograph i n  Fig. 1 7  shows t h a t  t h e  pinhole had increased i n  diameter from 
0.010 inch t o  0.050 inch. Furthermore, t h e  f i g u r e  a l s o  shows some apparent 
removal of metal which is deposited on t h e  sur face  of t h e  sample, 
= 2 x l o 5  ions/cm3 and v+ = 16  Km/sec, With + 
A t  t h i s  po in t  t h e  
The b i a s  vol tage  was immediately shut 
Then t h e  b i a s  w a s  re-applied slowly, The glow discharge occured t h i s  
The b i a s  vol tage  was reduced t o  zero 
This t i m e  a t  VB = 800 V t h r e e  d i s t i n c t  
No cur ren t  
The 
From t h e  above experiments, some general  statements can be made, The 
hea t  generated by the  r a d i a t i o n  of the  s o l a r  simulator (0.1 w a t t / c m 2 )  i s  
s m a l l  compared t o  t h e  l o c a l  hea t ing  produced i n  t h e  pinhole when t h e  sample 
c o l l e c t s  plasma e lec t rons .  
of power which i s  concentrated i n  an area of 5 x 
hole) o r  500 w a t t s / c m 2 .  
i n  a pinhole, t h e  heating could cause t h e  epoxy t o  evaporate near t h e  con- 
ducting region, and raise t h e  l o c a l  pressure  many orders  of magnitude. 
With these  conditions,  a discharge i n  t h e  pinhole i s  very l i k e l y  t o  occur 
i f  t h e  sample is  a t  a high enough b i a s  vol tage ,  
are shut off, t h e  material around t h e  pinhole can flow i n t o  t h e  pinhole and 
very r ap id ly  cool. Therefore, consecutive e l ec t ron  drainage measurements a t  
t h e  same conditions w i l l  not necessa r i ly  produce i d e n t i c a l  r e s u l t s .  
prolonged t e s t i n g  t h e  s i z e  of t he  pinhole w i l l  increase  because of ab la t ion  
with poss ib le  increase  i n  e l ec t ron  co l l ec t ion .  
l o c a l  temperature can be extremely high, t h e  conducting element i t s e l f  may 
m e l t  and depos i t  on t h e  sur face  producing o the r  conduction paths f o r  t h e  
plasma e lec t rons .  
For example, 0.1 m a  a t  VB = 2500 V gives 1 / 4  w a t t  
em2 (0.010 inch diameter 
Furthermore, s ince  such high power is  concentrated 
When t h e  high b i a s  vol tages  
Under 
Furthermore, because the  
.33 
Figure 17 .  Pinhole of Sample A a f t e r  completion of 
tests. Pinhole has increased i n  s i z e  from 
0.010 inch t o  0.050 inch shown with X20 
magnification. Apparent A1 deposited on 
sur face  of epoxy. 
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The second sample (Sample B) placed i n t o  t h e  plasma wind tunnel was 
an exposed kn i f e  edge simulating the  exposed edge of t he  s o l a r  ce l l  (which 
i s  not covered by a conventional cover g l a s s ) .  The k n i f e  edge w a s  made by 
embedding an A 1  s t r i p  1 cm x 2 cm x 0.0063 cm i n  epoxy and machining t h e  end 
f l a t  t o  expose an A 1  edge 1 cm x 0.0063 cm. 
dens i ty  of approximately n+ = 2.6 x l o6  ions/cm3 and streaming ion ve loc i ty  
of v+ = 16 Km/sec w a s  applied.  
Fig. 18. 
is  about t h e  same. 
because t h e  geometry of t h e  two cases are d i f f e r e n t .  
considering p a r t i c u l a r  t r a j e c t o r i e s  of e l ec t rons  t o  the  conducting sur faces ,  
one can see d i f f e rences  i n  t h e  two cases. With Sample A t h e  e l ec t rons  must’ 
funnel t o  a poin t  and with Sample B t h e  e l ec t rons  e n t e r  i n t o  a s l i t .  
t h e  l a t te r  case e l ec t rons  w i l l  funnel not only t o  a point but t o  many poin ts ;  
consequently, power w i l l  not be concentrated as i n  Sample A. 
t e s t i n g  of Sample B some d e t e r i o r a t i o n  of t h e  in su la t ing  material w a s  
observed, 
s l i g h t  glow appeared a t  t h e  end of t h e  s t r i p .  
A r e l a t i v e l y  high plasma 
The i n i t i a l  ID vs .  VB curve is shown i n  
However, care must be taken i n  i n t e r p r e t i n g  t h i s  r e s u l t  
The drainage cu r ren t ,  when compared t o  t h e  pinhole experiment, 
Furthermore, i n  
I n  
With prolonged 
There were s m a l l  increases  i n  drainage cur ren t  with t i m e  and a 
The next sample t e s t e d  was a tantalum w i r e  imbedded i n  epoxy with 
the  f r o n t  sur face  machined f l a t  t o  expose t h e  0.010 inch diameter conducting 
w i r e ,  Sample C1. 
element is f l u s h  with t h e  epoxy sur face  r a t h e r  than a t  t h e  bottom of a 
0.010 inch diameter pinhole. The sample w a s  placed i n  the  plasma wind 
tunnel,  and i n i t i a l l y  only a drainage cur ren t  of 0 .1  m a  w a s  observed as 
t h e  w i r e  w a s  biased t o  VB = 2600 V with a plasma dens i ty  of n+ = 4.7 X lo5  ions/cm3 
and v+ = 16 Km/sec. 
500 w a t t s / c m 2 .  
i s  shown i n  Fig. 19. 
occurred a t  VB = 2900 V and l i g h t  w a s  observed a t  t h e  conducting point.  
b i a s  vo l tage  w a s  reduced t o  2500 V a t  which poin t  t h e  drainage cur ren t  w a s  
1.5 m a .  Bright spo t s  were then seen on t h e  sur face  of t h e  epoxy; however, 
t h e  conducting poin t  w a s  dark,  
X30 magnification and it w a s  observed t h a t  t h e  0.010 inch diameter Tantalum 
w i r e  had been removed t o  a depth of approximately 0,05 inch. 
This sample d i f f e r s  from Sample A i n  t h a t  t h e  conducting 
The power concentrated a t  t h e  end of t h e  w i r e  w a s  about 
The drainage cur ren t  increased with t i m e .  A p l o t  of ID vs.  VB 
A t  t h e  conclusion of t h i s  measurement a sharp breakdown 
The 
After t h e  test, t h e  sample w a s  examined under a 
The hole  
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, 
produced w a s  i r r e g u l a r  i n  shape and it  appeared t h a t  sput te red  Ta had 
co l l ec t ed  on t h e  sur face  of t h e  epoxy apparently increasing t h e  area of t he  
conduction paths t o  t h e  0,OlO inch w i r e ,  It i s  d i f f i c u l t  t o  assume t h a t  t h e  
e l ec t rons  could s p u t t e r  t he  metallic sur face  of Ta ,  and the re fo re  i t  is  
believed t h a t  t h e  in t ense  heat produced by the  c o l l e c t i o n  of t h e  e l ec t rons  
a t  these  high p o t e n t i a l s  and t h e  concentration of p ~ w e r  i n  a s m a l l  area was 
ab le  t o  m e l t  t h e  Tantalum w i r e  (3460'K melting po in t ) .  
Following these  experiments another sample (Sample D) w a s  made fi 
order t o  determine what d i f f e rences  might be exhibited between a Kapton 
in su la t ing  tape  (H-film) and t h e  epoxy. Sample D was made with a p iece  of 
s t a i n l e s s  steel  (318 inch x 13/16 inch x O.Ol0 inch) which w a s  completely 
taped with one l aye r  of 0.003 inch H-film. 
been d r i l l e d  through t h e  Kapton in su la to r  p r i o r  t o  i t s  app l i ca t ion  on t h e  
conducting su r face  and t h i s  ho le  w a s  placed a t  t h e  center  of t h e  3/8 inch x 
13/16 inch rec tangle .  
I vs. V measurements were taken, 
and a streaming v e l o c i t y  of v 
0,3 ma with t h e  sample biased a t  VB = 800 V. 
co l l ec t ed  diminished t o  0.1 m a .  
where lD mereased t o  0.3 m a ,  
sho r t  t i m e .  
held a t  0,6 m a  for a shor t  while; however, within 20 minutes t h e  drainage 
cur ren t  increased t o  2,O m a ,  
a f a i n t  glow a t  t h e  conduction point could be seen. 
ind ica t e  t h a t  t h e  Kapton i n s u l a t o r ,  although e f f e c t i v e  a t  low power d ra ins ,  
can break down l i k e  t h e  epoxy when enough power is concentrated i n  the  
conduction region, 
One 0,010 inch d i a ,  ho le  had 
The sample w a s  placed i n  t h e  plasma wind tunnel and 
With a plasma dens i ty  of n+ = lo6 ions/cm3 D B 
= 16 KmPsec t he  f n i t i a l  drainage cur ren t  w a s  9 
As t i m e  progressed t h e  cur ren t  
The b i a s  vol tage  w a s  increased t o  l l O O V  
However, I again deereased t o  zero i n  a D 
When VB w a s  increased to 11500 vol t s  t h e  drainage cur ren t  I,, 
A t  t h i s  b i a s  vo l tage  and co l l ec t ion ' eu r ren t ,  
This test  seems t o  
A second sample i d e n t i c a l  i n  construction t o  Sample C1 was a l s o  
mounted i n  t h e  plasma wind tunnel.  
with respec t  t o  t h e  tank w a l l  and exposed t o  an argon plasma of dens i ty  
1 ,2  x l o 5  ions/cm3 and v e l o c i t y  15,6 Km/sec f o r  over 30 minutes, 
leakage cur ren t  remained approximately constant a t  about 0.1 m a  during 
t h e  t i m e , .  
This sample, C2, w a s  biased +3000 v o l t s  
The 
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Following t h i s  i n i t i a l  exposure t h e  ion dens i ty  w a s  increased t o  
determine t h e  e f f e c t  of beam dens i ty  on t h e  leakage cur ren t .  
are presented i n  Table A. When the  beam dens i ty  w a s  increased above 
2 x l o 5  ions/cm3 a discharge began between the  exposed end of t h e  0.010 inch 
diameter Ta  w i r e  and t h e  plasma. 
t h e  b i a s  vol tage  w a s  immediately removed. 
p o t e n t i a l  f o r  a s u f f i c i e n t l y  long period of t i m e  (30 minutes) t o  permi t  
t h e  sample t o  d i s s i p a t e  any hea t  and cool t o  the  ambient temperature. The 
plasma dens i ty  w a s  reduced and add i t iona l  measurements were obtained which 
are shown i n  Table B. These measurements i n d i c a t e  increased drainage 
cu r ren t s  following t h e  b r i e f  discharge,  
The r e s u l t s  
I n  order t o  prevent damage t o  t h e  sample 
The sample w a s  kept a t  ground 
The sample was biased +2000 V and exposed t o  a plasma of dens i ty  of 
1.4 x l o 5  ions/cm3 f o r  over 1 1/2  hours, 
170 p a ,  
average 5 < 0.5 pamps . 
biased 92500 V and exposed t o  a plasma of dens i ty  n+ = 1.84 x lo5  ions/cm3, 
I n i t i a l l y  t h e  leakage cur ren t  w a s  
This increased slowly t o  about 220 pa a f t e r  1 112 hours with an 
A t  - minute It had been previously noticed t h a t  with C2 
and averaged over a sho r t e r  period of t i m e ,  t h a t  5 ~ pampslminute. A t  
With Sample C2 s t i l l  biased 92000 V and n+ = 1.4 x l o 5  ions/cm3 the  
The sheath w a s  found t o  extend about 12 cm from t h e  
l o c a l  plasma p o t e n t i a l  w a s  determined i n  t h e  v i c i n i t y  of t he  sample by means 
of an emissive probe. 
sample both along t h e  a x i s  and perpendicular t o  the  a x i s  of t h e  beam. 
Examination of C following these  experiments showed t h a t  t he  exposed 2 
end t o  t h e  Ta  w i r e  w a s  s l i g h t l y  eroded and t h e  epoxy w a s  discolored. 
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TABLE A 
Ion Density Bias Voltage Drainage Current 
n (x 105 ions/cm3) VB (vol t s )  I D  (Illa) + 
1.25 2500 0.08 
1.25 
1.79 
1.84 
1.94 
3000 
2500 
2500 
2500 
0.18 
0.20 
0.26 
0.30 
TABLE B 
B i a s  Voltage Drainage Current Ion Density 
n + (x 105 ions/cm3) VB (vo l t s )  ID (ma) 
1.17 
1.09 
1.37 
2000 
2500 
2000 
0.13 
0.20 
0.17 
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I V .  CDS SOLAR CELL TESTS PERFORMED I N  THE 
PLASMA W I N D  TUNNEL 
A one foo t  square CdS s o l a r  cel l  a r r a y  was mounted on a 1/8 inch 
f i b e r  g l a s s  board i d e n t i c a l  t o  t h e  s i l i c o n  s o l a r  cel l  support panel. A l l  
exposed t a b s  and conducting sur faces  were covered by Kapton "H-film" tape  
and t h e  panel w a s  placed i n  t h e  vacuum tank a t  t h e  previous test pos i t ion .  
With t h e  ion  engine off (no plasma) t h e  panel was biased up t o  3000 
v o l t s  with no leakage cu r ren t  observed. 
argon plasma n+ = 1.9 x l o 5  ions/cm3 and v+ = 16 Km/sec. 
biased +700 v o l t s  no drainage cu r ren t s  were observed i n i t i a l l y .  
about 5 minutes t h e  drainage cur ren t  was  about 40 vamps which increased t o  
230 uamps a f t e r  another 3 minutes. 
t h e  plasma dens i ty  reduced t o  1.6 x l o 5  ions/cm3, 
t h e  leakage cur ren t  increased from 36 vamps i n i t i a l l y  t o  950 vamps i n  10 
minutes. See Fig. 20. The experiment w a s  repeated with a b i a s  of 600 v o l t s  
on t h e  s o l a r  c e l l  panel a plasma dens i ty  of 2 x, l o 5  ions/cm3. 
were t h e  same. 
and the  panel biased a t  600, 700, 800, 900, and 1000 v o l t s  successively.  
Each b i a s  vol tage  w a s  maintained about 20 minutes with no growth of t h e  
leakage cur ren t  observed a t  any b i a s  l eve l .  
Fig. 21. 
v o l t s  e 
The panel w a s  then exposed t o  an 
With t h e  panel 
Af te r  
The b i a s  w a s  removed a t  t h i s  time and 
With a b i a s  of +700 v o l t s  
The r e s u l t s  
The plasma dens i ty  w a s  reduced t o  about 1 . 2  x l o 5  ions/cm3 
The r e s u l t s  are presented i n  
No leakage cur ren t  w a s  observed with a negative b i a s  up t o  -300 
Examination of t h e  s o l a r  c e l l s  a f t e r  these  tests revealed a few s m a l l  
pinhole burns on t h e  CdS p ro tec t ive  covering. 
undamaged. 
by covering a 5 inch square s t a i n l e s s  steel sheet with one l a y e r  of t h e  
H-film t ape  and mounting t h i s  sarhple i n  t h e  previous test pos i t ion .  No 
drainage cur ren t  w a s  observed with b i a s  up t o  +900 V with a plasma dens i ty  
of 6 x lo4  ions/cm3. 
The H-film tape  appeared 
A f u r t h e r  cheek on leakage through t h e  H-film tape  w a s  obtained 
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Fig. 21. CdS s o l a r  ce l l  drainage current (connecting 
tabs  taped with "H-film") as function of b i a s  
voltage.  
ions/cm3 and v+ = 16  Km/sec. For t h i s  l o w  
dens i ty  plasma I does not grow with t i m e .  
Pulsed argon plasma n+ = 1 .2  x l o4  
D 
43 
V. MAGNETIC FIELD EFFECTS 
The experiments described i n  t h e  previous sec t ions  were conducted i n  
t h e  presence of t h e  e a r t h ' s  magnetic f i e l d .  
t e s t i n g  chamber of t h e  plasma wind tunnel,  possesses a component perpendicular 
This magnetic f i e l d ,  i n  t h e  
t o  t h e  axis of t h e  chamber of Q 0.35 gauss. 
do not ma te r i a l ly  a f f e c t  t h e  p rope r t i e s  of t he  plasma stream flow along t h e  
chamber a x i s .  It w a s  considered poss ib le ,  however, t h a t  such t ransverse  
f i e l d s  might a f f e c t  t h e  flow of e l ec t rons  from t h e  plasma stream t o  t h e  
p o s i t i v e l y  biased drainage poin t .  Magnetic f i e l d  e f f e c t s ,  usua l ly  of a 
suppressing na tu re ,  are expected i n  Langmuir probe app l i ca t ions  wherever 
t h e  e l ec t ron  r ad ius  of curvature i n  the  magnetic f i e l d  becomes comparable 
t o  t h e  sheath dimensions. 
extensive sheaths have been noted f o r  t h e  experimental conditions u t i l i z e d ,  
and, p a r t i c u l a r l y  near t h e  ou te r  boundaries of t h e  "bipolar" region, 
curvature of e l ec t rons  by magnetic f i e l d s  and accompanying e f f e c t s  on 
e l ec t ron  c o l l e c t i o n  would be expected. 
F i e lds  of t h i s  order of magnitude 
A s  w i l l  be discussed i n  the  Appendix following, 
To test t h e  magnitude of such B-field e f f e c t s ,  Sample Cg was placed 
i n  t h e  plasma wind tunnel and a flow of 2 x l o 5  ions/cm3 dens i ty  a t  an ion 
streaming ve loc i ty  of 'L 16 kilometers/sec w a s  generated. A p o t e n t i a l  b i a s  
of 880 v o l t s  w a s  applied t o  t h e  drainage point and t h e  drainage cur ren t  
noted. The magnitude of t ransverse  magnetic f i e l d  i n i t i a l l y  present w a s  
0.35 gauss. Removal of t h i s  t ransverse  f i e l d  through the  a c t i v a t i o n  of 
t he  chamber deguassing c o i l s  resu l ted  i n  a 10% increase  i n  t h e  e l ec t ron  
cur ren t  co l l ec t ed .  
t h e  t ransverse  B-field ( t o  0.7 gauss) l ed  t o  a 20% decrease i n  t h e  co l l ec t ed  
cur ren t .  Variations i n  co l l ec t ed  cur ren t  between 0 and .7 gauss t ransverse  
f i e l d  thus yielded an o v e r a l l  v a r i a t i o n  of 'L 30% i n  co l l ec t ed  e l ec t ron  cur ren t .  
Application of cur ren t  i n  t h e  c o i l s  such as t o  double 
Turning now t o  t h e  operation of s o l a r  c e l l  a r r ays  i n  t h e  near v i c i n i t y  
of t h e  e a r t h ,  one may note  t h a t  t h e  range from 0 t o  0.7 guass encompasses t h e  
e n t i r e t y  of poss ib le  values of t r ansve r se  magnetic f i e l d s .  
ments above, one may conclude t h a t  t he  B-field v a r i a t i o n s  do not  al ter i n  a 
subs tan t ive  fashion, t h e  f ind ings ,  and d a t a  taken i n  t h e  presence of t h e  
e a r t h ' s  B-field w i l l  be genera l ly  v a l i d  f o r  a l l  poss ib l e  conditions of 
magnetic f i e l d  i n  t h e  near e a r t h  region. 
From t h e  experi- 
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For regions more d i s t a n t  from t h e  ea r th ,  t h e  magnetic f i e l d s  diminish 
t o  very low values. 
enhanced over t h e  labora tory  d a t a  by amounts of t h e  order of 10%. 
amounts cannot be considered t o  alter i n  any s i g n i f i c a n t  manner, t h e  f ind ings  
of t hese  s tud ie s .  
For these  regions t h e  cur ren t  c o l l e c t i o n  would be 
Such 
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APPENPIX A 
ELECTRON DRAINAGE I N  STREAMING PLASMAS 
The c o l l e c t i o n  of charge carriers by a material body i n  a plasma 
has been t r e a t e d  extensively.  
ChenP 
dependence of t h i s  cur ren t  on t h e  p o t e n t i a l  d i f f e rence  between t h e  material 
body and t h e  plasma i s ,  probably, t h e  most commonly used method of diagnosis 
f o r  t h e  plasma state. 
r e s t r i c t e d  t o  plasma whose bulk v e l o c i t i e s  with respec t  t o  t h e  material body 
are small compared t o  t h e  thermal v e l o c i t i e s  of both t h e  ions and t h e  
e lec t rons .  I n  p a r t i c u l a r ,  t h e r e  are no adequate desc r ip t ions  f o r  t h e  
c o l l e c t i o n  of e l ec t rons  by highly p o s i t i v e  probes immersed i n  high ion  Mach 
number streaming plasmas. This is ,  however, t h e  p rec i se  condition of 
e l ec t ron  drainage t o  small exposed po in t s  i n  highly p o s i t i v e  s o l a r  c e l l  
a r rays  f o r  spacecraf t  o r b i t i n g  i n  t h e  lower iohosphere o r  moving through 
t h e  in t e rp l ane ta ry  regions. The experimentally observed behavior, u t i l i z i n g  
plasma wind tunnels ,  has demonstrated t h a t  t h i s  o v e r a l l  plasma-material body 
configuration leads  t o  a c o l l e c t i o n  of e l ec t rons  f a r  i n  excess of t h a t  f o r  
similar probes and probe b ias ing  p o t e n t i a l s  i n  s t a t i o n a r y  plasmas. 
i n t e r e s t  of t h i s  Appendix w i l l  be t o  eva lua te  t h e  enhancement i n  the  collec- 
t i o n  cur ren t  between s t a t i o n a r y  and streaming plasmas and t o  d iscuss  seve ra l  
poss ib le  cont r ibu t ing  f a c t o r s  t o  t h i s  enhancement. 
A summary of much of t h i s  work is given by 
The i n t e r p r e t a t i o n  of t h e  co l l ec t ed  cur ren t  and t h e  func t iona l  
However, t h i s  "Langmuir probe" ana lys i s  i s  l a rge ly  
The 
The e l ec t ron  cur ren t  co l l ec t ed  by a highly p o s i t i v e  sphe r i ca l  probe 
i n  a s t a t iona ry  plasma i s  given i n  Chenl as 
where 
and 
I = A j r ( l  + n) e a 
A i s  t h e  probe area 
j r  i s  e l ec t ron  cur ren t  dens i ty  d i f fus ing  t o  the  sheath boundary, 
n'- eVa 
e 
and T 
a 
where V is  probe p o t e n t i a l  
i s  e l ec t ron  temperature i n  t h e  plasma. 
a kT 
e 
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The quantity jr is given by where p is electron density in 
the plasma and (ve) is the average electron thermal velocity in the plasma. 
the formula given above is valid is rl >> 1. 
derives is drawn for collisionless plasmas, 
been taken into account in the derivation. 
considerations: 
e 4 
The theory from which it 
Orbital considerations have 
Consider now the following 
= 1.6 x coulombs/cm3 'e 
(ve) = 4 x 107 cm/sec 
A = 5 x cm2 a 
Va = 2500 volts 
The average electron thermal velocity given here corresponds to an electron 
temperature of Q 2500'K which approximates roughly the electron temperature 
in the plasma wind tunnel while the charge density of 1.6 x 
(IO6 electrons/cm3) also approximates that density encountered in the wind 
tunnel tests. 
coulombs/cm3 
For this example, T-I + l o 4  and 
I = 8 vamps e 
is the expected current to the probe for these conditions. 
The result above may be compared to the current drain by positive 
probes whose initial collecting area was 5 x lom4 cm2, and which were immersed 
in streaming plasmas of 106 electrons/cm3 at an electron temperature of 
2500'K and for a probe bias potential (relative to the plasma) of 2500 volts. 
While the probe area is the same as that used in the spherical probe analysis 
the probe geometry is not spherical. Instead, the probe exposed surface is 
a disc whose diameter is .025 cm and which is set flush into an insulating 
surface as shown in Fig. 22. 
is that it would have a reduced collection relative to a spherical probe of 
A first estimate of the behavior of this probe 
INSULATOR 
CONDUCTING 
PROBE MATERIAL" 
A-A L A  
Figure 22.  Diagram of conducting d i s c  f l u s h  with, 
,tnd surrounded by in su la t ion  ma te r i a l  
(d i sc  probe). 
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t h e  same area. 
F i r s t ,  t h e  sheath f o r  t h e  sphe r i ca l  probe extends over a s o l i d  angle of  IT 
s t e rad ians  about t he  probe. For t h e  probe i n  Fig. 22,  t h e  sheath i s  confined 
t o  a s o l i d  angle o f ,  a t  most, 2~ s t e rad ians  ( the  forward d i r e c t i o n ) .  The 
compression of e l ec t ron  t r a j e c t o r i e s  i n t o  a smaller range of approach 
d i r e c t i o n s  leads  t o  higher space charge d e n s i t i e s .  
charge d e n s i t i e s  cannot be supported over as l a r g e  a r a d i a l  ex ten t  as i n  
t h e  case of t h e  sphe r i ca l  probe and, hence, the  t o t a l  sheath area connecting 
t o  t h e  undisturbed plasma i s  reduced f o r  t h e  "disc" probe. 
which should reduce t h e  c o l l e c t i o n  of t h e  d i s c  reP+.&ve t o  the  sphe r i ca l  
probe i s  t h e  presence of i n su la t ing  sur faces .  Electrons whose o r b i t s  i n  
t h e  sheath lead t o  narrow misses of t h e  probe sur face  have t o t a l  dwell t i m e s  
near t h e  probe of t h e  order of nanoseconds or  less f o r  t h e  sphe r i ca l  probe 
and thus have a l imi ted  period of prevention, by t h e i r  space charge, 
aga ins t  o ther  e l ec t rons  en ter ing  those  regions of t h e  sheath near t h e  probe. 
For the  d i s c  probe, however, a near m i s s  by an e l e c t r o n  r e s u l t s  i n  s t r i k i n g  
t h e  in su la t ing  sur face .  The drainage t i m e  f o r  such e l ec t rons  i s  not known, 
but it must be considerably i n  excess of t h e  nanosecond condition described 
earlier. It would be expected, then, t h a t  charge buildup on t h e  in su la t ing  
sur face  would r e s u l t  and t h a t  t h e  space charge fo rces  of t h i s  su r f ace  l aye r  
would reduce t h e  cu r ren t  of e l ec t rons  en ter ing  t h e  sheath regions near t h e  
probe, 
which are reduced r e l a t i v e  to t h e  cur ren t  t o  a sphe r i ca l  probe. 
experimental evidence, however, w a s  t h a t  d i s c  probe cu r ren t s  f a r  i n  excess 
of t h e  8 pampere f i g u r e  were drawn. 
There are two reasons t o  expect a reduced c o l l e c t i o n ,  
These higher space 
A second f a c t o r  
Both of t h e  discussed f a c t o r s  then should lead t o  d i s c  probe cu r ren t s  
The 
The cur ren t  drawn t o  t h e  d i s c  probes i n  streaming plasmas cannot be 
characterized by a s i n g l e  f i g u r e ,  
and probe p o t e n t i a l s  of' 2500 v o l t s ,  t he  i n i t i a l  probe cur ren t  w a s ,  t y p i c a l l y ,  
about PO0 pamperes. 
l e v e l s  of several milliamperes. 
discussed i n  later paragraphs. 
i n i t i a l  drainage s i t u a t i o n  during which probe sur faces  and i n s u l a t o r s  are 
not ab la ted .  For t h i s  i n i t i a l  condition, t h e  probe c o l l e c t i o n  would appear 
t o  be a t  least an order of magnitude i n  excess of t h a t  p red ic ted  f o r  a 
s t a t iona ry  plasma. 
t h e  condition of a streaming plasma. 
For plasma d e n s i t i e s  of l o 6  electrons/cm3 
I n  t i m e ,  however, t he  probe cu r ren t s  increased t o  
Factors r e l a t i n g  t o  t h i s  increase  w i l l  be 
The present d i scuss ion  w i l l  consider t h e  
Evidence ind ica t e s  t h a t  t h i s  enhancement is  caused by 
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The sheath separa t ing  t h e  probe from the  undisturbed por t ions  of t h e  
plasma stream i s  indica ted  schematically i n  Fig. 23.  
t h a t  t h i s  representa t ion  i s  only schematic. 
of t h e  sheath i n  p a r t i c u l a r  d i r e c t i o n s  have been experimentally determine, 
but t h e  bulk of t h e  desc r ip t ion  remains without d i r e c t  experimental v e r i f i c a -  
t i on .  
It should be emphasized 
Some d e t a i l s  such as t h e  ex ten t  
I n  t h i s  d i scuss ion  it w i l l  be assumed t h a t  t h e  sheath configuration 
is  steady-state--that i s ,  t h a t  i t s  p rope r t i e s  do not f l u c t u a t e  i n  t i m e .  
c e r t a i n  plasma-sheath arrangements t h i s  s teady-s ta te  behavior does not exist .  
I n  p a r t i c u l a r ,  f o r  plasmas streaming aga ins t  a planar material boundary a t  
high p o s i t i v e  p o t e n t i a l s ,  o s c i l l a t i o n s  i n  t h e  sheath have been commonly 
observed. However, f o r  sheaths i n  which a s u b s t a n t i a l  "compression" of 
e l ec t ron  t r a j e c t o r i e s  e x i s t ,  ( f e e .  t h a t  t he  c o l l e c t i o n  poin t  f o r  e l ec t rons  
has an area much less than t h e  area of t h e  sheath as it  terminates on the  
plasma), t h e  sheath i s  usua l ly  non-fluctuating i n  t i m e .  
compression e x i s t s  i n  t h e  sheath i l l u s t r a t e d  i n  Fig. 2 3 ,  Along some outer  
boundary ( ind ica ted  by the  dot ted  l i n e )  t h e  e l e c r r i c  f i e l d s  are assumed t o  
vanish. Outside of t h i s  boundary the  electric f i e l d  remains uniformly zero. 
An approximation i s  being made here,  s ince  very weak e l e c t r i c  f i e l d s  probably 
penet ra te  i n t o  t h e  plasma f o r  d i s tances  which are l a r g e  compared t o  t h e  
dimensions indicated by the  dotted Pine. However, t h e  probing of t h e  sheath 
For 
Such a condition of 
by emissive probes has shown t h a t  observable e l e c t r i c  f i e l d s  are only t o  be 
found wi th in  % PO centimeters from the  c o l l e c t i o n  po in t ,  and, hence t h e  
assumption of zero e l e c t r i c  f i e l d  outs ide  t h e  indicated boundary i s  j u s t i f i e d  
f o r  t h i s  present treatment. 
Since e l e c t r i c  f i e l d s  do vanish outs ide  t h i s  boundary, Son t r a j e c t o r i e s  
f o r  t h e  streaming plasma are undisturbed. Ins ide  the  boundary, however, 
electric f i e l d s  cause both ion  and e l ec t ron  t r a j e c t o r i e s  t o  a l ter  and ion  
and e l ec t ron  energies t o  change, 
and lo se  k i n e t i c  energy i n  t h e i r  pene t ra t ion  of regions of elevated p o t e n t i a l .  
Electrons are acce lera ted  by the  f i e l d  t o  higher v e l o c i t i e s ,  and t h e i r  trajec- 
t o r i e s  are compressed inward. 
region i n  t h a t  charge carriers of both s igns  e x i s t  wi th in  i t .  
boundary t o  t h i s  b ipolar  region, however, ion  penet ra t ion  ceases, and t h e  
Ions are decelerated by the  e l e c t r i c  f i e l d  
This second region w i l l  be termed t h e  "bi-polar" 
A t  some inner 
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-3-- 
Figure 23, Schematic representation of sheath around 
"disc  probe" for  pos i t ive  b ias  voltage 
appl i ed  t o  conducting element. 
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remaining por t ions  of t h e  sheath terminating a t  t h e  e l e c t r o n  colPectr$on 
poin t  c o n s t i t u t e  a unipolar  (e lec t ron)  f l o w  region. This boundaxy and the  
turnaround of ions a t  t h i s  boundary are indica ted  i n  Pig. 23 by t h e  dashed l i n e .  
The dot ted  l i n e  marking t h e  edge of t he  plasma sheath also denotes an  
equipoten t ia l  i n  t he  plasma (s ince  E vanishes everywhere along t h i s  boundary). 
'The dashed l i n e  markhg the  termination of t he  bi-polar region is  not an 
equipoten t ia l .  This follows from t h e  d i r ec t ed  na tu re  of t he  ion  flow i n  
streaming plasmas. For t h e  ion  which i s  d i r ec t ed  along t h e  axis of t h e  
drainage poin t  sheath,  t h e  e l e c t r i c  f i e l d s  are p rec i se ly  i n  opposit ion.  
Such an ion  w i l l  be brought t o  rest ( a l l  v e l o c i t i e s  components zero) a t  i t s  
M v 2  r e f l e c t i o n  po in t ,  This po in t  a l s o  occurs f o r  a p o t e n t i a l  equal t o  -4- o 
2e where v i s  t h e  ion ve loc i ty  i n  t h e  undisturbed plasma. For ions 
which impact  on t h e  sheath a t  po in t s  off t h e  drainage point-sheath a x i s ,  
t h e  maximum penet ra t ion  of t he  sheath does not r e s u l t  i n  t he  ion  being 
brought t o  rest, Rahter, t h e  ion  a t  i t s  r e f l e c t i o n  point possesses a 
non-zero ve loc i ty  component, v parallel  t o  the  dashed l i n e ,  ion  k i n e t i c  
energy is non-zero, and t h e  p o t e n t i a l  a t  t h e  r e f l e c t i o n  point i s  given by 
M+ ( v  2 - v 2). Now, f o r  ions impacting on the  sheath at l a r g e r  d i s tances  2e  0 t 
from t h e  drainage point-sheath a x i s ,  the  remaining v e l o c i t y  a t  r e f l e c t i o n  
grows l a r g e r ,  approaching v ., Thus, for those regions a t  t h e  g r e a t e s t  
d i s tance  from t h e  drainage poine a x i s ,  t he  p o t e n t i a l  a t  the r e f l e c t i o n  
aciint diminishes to V .- 0 ( t h e  re ference  p o t e n t i a l  of t h e  undisturbed plasma). 
0 
t 
0 
The e l ec t ron  behavior i n  t h e  bi-polar region i s  t h a t  of acce le ra t ion  
and compression, 
i n  e l ec t ron  cur ren t  dens i ty  i n  moving inward from the  sheath boundary, 
an increase  would, nominally, r e s u l t  i n  an fnzrease i n  t h e  e l ec t ron  charge 
dens i ty .  However, rhe acce le ra t ion  of t h e  e l ec t rons  by the  f i e l d  i n  t h e  
bi-polar region causes e l ec t ron  d e n s i t i e s  to decrease, 
on t h e  sheath does not permit a judgment on which of these  two e f f e c t s ,  
charge dens i ty  inerease  or decrease,  predominates. 
moreover, i s  f u r t h e r  complifcated by t h e  e f f e c t s  of ion motion, 
decelerated t h e  space eharge dens i ty  of t h e  ions is increased, 
incfease  i s  f u r t h e r  compounded because of t h e  r e f l e c t i o n  of ions ,  so t h a t  
The compression of e l ec t ron  t r a j e c t o r i e s  causes an increase  
Such 
Present information 
The bi-polar region, 
I n  being 
This 
t h e  ion cur ren t  dens i ty  must include both incoming and outgoing ion  
streams. The ion  penet ra t ion  of t h e  sheath region is ,  perhaps, t h e  c r u c i a l  
element i n  t h e  observed behavior t h a t  e l ec t ron  c o l l e c t i o n  f o r  t h e  streaming 
plasma i s  g r e a t l y  enhanced over pred ic t ions  based upon "stationary" plasma. 
Because of t he  pene t ra t ion ,  slowing and r e f l e c t i o n  of t h e  ions ,  ion dens i ty  
is increased and charge n e u t r a l i z a t i o n  of even enhanced e l ec t ron  d e n s i t i e s  
is provided. Furthermore, t h e  e l e c t r i c  f i e l d s  i n  t h e  bi-polar regions 
provide f o r  acce le ra t ion  of e l ec t rons ,  diminution of e l ec t ron  space charge 
dens i ty  and t h e  eventual i n j e c t i o n  of t hese  now acce lera ted  e l ec t rons  i n t o  
t h e  f i n a l  "unipolar" region. 
The ex ten t  of e l ec t ron  acce le ra t ion  p r i o r  t o  en t ry  i n  t h e  unipolar 
2 
region depends upon M+vo , t he  ion  streaming energy i n  the undisturbed 
2 
plasma stream. For spacecraf t  o r b i t i n g  i n  the  lower ionosphere, t he  
apparent ion streaming energy may be as high as 20 e l ec t ron  v o l t s .  
t h i s  s i t u a t i o n ,  t h e  e l ec t ron  i n j e c t i o n  i n t o  the  unipolar region of t h e  
sheath can occur with e l e c t r o n  energies of up t o  20 e l ec t ron  v o l t s .  
e l ec t rons  i n  t h e  Undisturbed plasma possessed 0.2 e l ec t ron  v o l t s ,  t he  b i -  
polar region acce le ra t ion  of e l ec t ron  v e l o c i t i e s  i s  a f a c t o r  of 10, thus 
allowing a compression of e l ec t ron  cur ren t  dens i ty  by a f a c t o r  of 10 with 
no increase  i n  e l ec t ron  space charge dens i ty ,  For spacecraf t  o r b i t i n g  a t  
higher a l t i t u d e s ,  the  diminution of t h e  ion  mass leads  t o  g r e a t l y  reduced 
apparent ion  streaming energies.  However, f o r  s t i l l  f u r t h e r  increases  i n  
a l t i t u d e  and f o r  en t ry  i n t o  the  in t e rp l ane ta ry  plasma, t he  ion  streaming 
energy becomes t h a t  of t h e  s o l a r  wind and may range from hundreds of e l ec t ron  
v o l t s  t o  thousands of e l e c t r o n  v o l t s .  Thus, ion  penet ra t ion  e f f e c t s  may 
be expected t o  play a major r o l e  i n  e l ec t ron  c o l l e c t i o n  from plasmas 
encountered i n  t h e  lower ionosphere and i n  the  in t e rp l ane ta ry  regions. 
For 
I f  t he  
The unipolar region i n  Fig. 23 c o n s t i t u t e s  t h e  f i n a l  region of 
passage f o r  t h e  e l ec t rons  i n  moving from t h e  plasma t o  the  drainage poin t .  
Here, both compression and acce le ra t ion  occur. Because t h e  drainage 
point i s  i t s e l f  of such l imi ted  area, and s ince  e l e c t r o n  ve loc i ty  proceeds 
only with a square root  of' e l ec t ron  acce le ra t ion  energy, compression e f f e c t s  
must dominate, and increas ingly  dense e l ec t ron  flows r e s u l t  i n  moving 
53 
toward t h e  drainage poin t .  This is the  nominal behavior i n  any sheath.  The 
d i s t i n c t i o n  f o r  t h i s  s i t u a t i o n  i s  t h a t  e l ec t rons  are in jec ted  i n t o  t h e  
unipolar region with energies t h a t  may g r e a t l y  exceed t h e i r  energy i n  t h e  
undisturbed plasma and t h a t  e l ec t ron  c o l l e c t i o n  from an extensive region 
of t h e  undisturbed plasma is  f a c i l i t a t e d  by the ion  space charge neut ra l iza-  
t i o n  i n  t h e  bi-polar region, 
To t h i s  po in t  t h e  d iscuss ion  has considered only the  plasma, t h e  
sheath regions,  and t h e  f i n a l  drainage po in t ,  I n  the  experiments, however, 
t he  probe consisted not only of the  exposed conducting point but a l s o  of 
surrounding i n s u l a t o r s ,  Both the  conducting material and the  i n s u l a t o r s  may 
be a f fec ted  by the  c o l l e c t i o n  of t h e  cur ren t .  
here ,  The f i r s t  i s  the  accumulation of e l e c t r o n s  on in su la t ing  sur faces .  
From o r b i t a l  cons idera t ions ,  many e l ec t rons  i n  the  sheath should be accelerated 
toward t h e  drainage poin t  y e t ,  because of angular momenta, would m i s s  t h e  
conducting material and s t r i k e  the  adjoining in su la t ing  material. 
buildup of charge on t h e  i n s u l a t o r s  should set up space charge f i e l d s  which, 
i n  tu rn ,  should i n h i b i t  t h e  flow of e l ec t rons  i n t o  the  exposed conducting 
area. 
charge can be drained away, For 
"good" i n s u l a t o r s  such drainage should be small compared t o  t h e  cur ren t  
going t o  the  co l l ec t ing  poin t .  
materials can change t h e i r  p rope r t i e s  under t h e  impact of t he  e l ec t rons ,  
This c o n s t i t u t e s  t he  second of t h e  two e f f e c t s  of concern, I f  one examines 
the  cur ren t  co l l ec t ed ,  i n  t h e  earlier example, a t  2500 v o l t s  probe p o t e n t i a l ,  
an i n i t i a l  value of 0 , l  milliamperes was t y p i c a l ,  
t h i s  cur ren t  i s  .25 w a t t s ,  
power dens i ty  a t  t h e  probe sur face  of 500 wattsfm' ., 
may be conducted away from t h e  sur face ,  
f r a c t i o n  of t h e  heat may be conducted t o  o the r  regions of lesser temperature, 
t he  remainder is  s u f f i c i e n t  t o  bring even t h e  r e f r ac to ry  materials up t o  
Two e f f e c t s  are of i n t e r e s t  
This 
The equilibrium build-up would a l s o  be governed by t h e  rate a t  which 
presumably t o  t h e  conducting element. 
However, both the  in su la t ing  and conducting 
The power input from 
The probe a rea  i s  5 x PO-k ern2 leading t o  a 
Some of t h i s  power 
However, even i f  a s i g n i f i c a n t  
t he  vapor iza t ion  poin t .  
i n su la t ing  material may cause t h i s  material t o  d e t e r i o r a t e .  
F ina l ly ,  heat released i n t o  the  surrounding 
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P P 
Two poss ib le  f u r t h e r  processes may occur i f  t he  power input t o  t h e  
probe and t h e  surrounding i n s u l a t o r  i s  s u f f i c i e n t l y  high. 
t hese  is  t h a t  vapor iza t ion  of the  probe sur face  could occur and t h a t  
conducting material from the  probe would depos i t  over t h e  nearby in su la to r .  
The f i l m  of such redeposited material would connect with the  now a l t e r e d  
probe sur face  and together with t h a t  remaining probe sur face  would c o n s t i t u t e  
a g r e a t l y  expanded area f o r  t he  c o l l e c t i o n  of e l ec t rons .  This expanded 
c o l l e c t i n g  area leads ,  i n  t u rn ,  t o  f u r t h e r  increases  i n  input power, t o  
material des t ruc t ion  and t o  poss ib le  breakdown conditions.  
probe sur faces  i t  is  apparent t h a t  t h i s  process has taken place on some 
occasions. 
are obtained i s  the  e ros ion  of t he  nearby in su la to r .  As the  in su la t ing  
material withdraws, increased conducting area i s  exposed, and increased 
e l ec t ron  c o l l e c t i o n  i s  obtained. Upon occasion, t h i s  second process has 
been observed. 
e f f e c t s ,  These e f f e c t s  arise i f  i on iza t ion  of t he  evaporating material 
from t h e  probe sur face  and i n s u l a t o r s  can occur with s u f f i c i e n t  i n t e n s i t y .  
The f i r s t  of 
I n  examining 
A second poss ib le  process by which increased drainage cu r ren t s  
For both of t hese  processes the re  are add i t iona l  poss ib le  
I n  t h e  previous d iscuss ion  i t  w a s  assumed t h a t  t h e  region immediately 
i n  contact with t h e  probe sur face  w a s  a unipolar region (e lec t rons  only).  
However, e l ec t rons  i n  t h e  sheath are energe t ic  and atoms of material 
evaporating from the  probe and i n s u l a t o r s  must t r ave r se  t h i s  sheath region. 
I f  t he  atom becomes ionized, t h e  most l i k e l y  region must be i n  the  unipolar 
region where high e l ec t ron  energies are encountered, 
i n  an ion-electron p a i r ,  t h e  e l ec t ron  of which moves r ap id ly  away toward 
t h e  probe, while the  ion  i s  acce lera ted  outward toward the  plasma, 
t h e  ion mass very g r e a t l y  exceeds t h e  e l ec t ron  mass, and, thus,  t h e  ion 
remains i n  t h e  sheath region f o r  t i m e s  which are long compared t o  the  
t r a n s i t  t i m e  of an e l ec t ron  across  t h e  sheath. During t h i s  comparatively 
long t r a n s i t  t i m e ,  t he  ion  provides a charge n e u t r a l i z a t i o n  poin t  f o r  
e lec t rons .  
The ion iza t ion  r e s u l t s  
However, 
The exact e f f e c t  of t h i s  e x t r a  charge n e u t r a l i z a t i o n  i n  t h e  
unipolar" region i s  d i f f i c u l t  t o  determine, but a l i k e l y  estimate i s  t h a t  11 
f o r  every ion formed i n  the  sheath an add i t iona l  number of e l ec t rons  = 
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, 
, 
are allowed t o  move t o  t h e  probe surface.  
e l ec t rons  leading t o  f u r t h e r  atom evaporation, f u r t h e r  atom evaporation, 
f u r t h e r  i on iza t ion  i n  t h e  sheath,  and s t i l l  f u r t h e r  e l ec t ron  c o l l e c t i o n  
would y i e l d  u l t imate ly  a "breakdown" condition. 
t h a t  t h i s  i s  what has been observed. S m a l l ,  but i n t ense  sources of l i g h t  
i n  t h e  immediate neighborhood of t h e  source demonstrate t h a t  e x c i t a t i o n  
c e r t a i n l y  e x i s t s  and ion iza t ion  is  l i k e l y .  It remains t o  demonstrate t h a t  
t h e  n e u t r a l  material being excited and (possibly) ionized i s  material from 
the  probe and in su la t ing  sur faces .  
gas i s  t h e  normal chamber gas during plasma wind tunnel  operation. Spec t ra l  
ana lys i s  of t h e  l i g h t  might confirm t h e  source of t he  material under exc i ta -  
t i o n  and ion iza t ion ,  but such ana lys i s  was not poss ib le  during t h e  tests 
under present d i scuss ion .  However, i n  view of t h e  amount of material removed 
from the  probe and t h e  surrounding i n s u l a t o r ,  i t  i s  l i k e l y  t h a t  l o c a l  n e u t r a l  
dens i ty  is  p r imar i ly  from t h i s  ab la t ing  material and not  t h e  background 
chamber gas. 
a t  least t h r e e  orders of magnitude above t h e  l o c a l  pressure of background 
(plasma wind tunnel) gas.  
An increased cur ren t  of 
Upon occasion, it is  f e l t  
Another poss ib le  source of background 
An estimate i s  t h a t  l o c a l  pressures of ab la t ing  material are 
The d iscuss ion  has,  thus f a r ,  reviewed a l l  t h e  present ly  d i sce rn ib l e  
processes t h a t  cont r ibu te  t o  e l ec t ron  c o l l e c t i o n  by exposed sur faces  a t  high 
p o s i t i v e  p o t e n t i a l s .  I n  p a r t i c u l a r ,  ion penet ra t ion  i n t o  the, sheath provides 
a charge n e u t r a l i z a t i o n  f o r  a region i n  which e l ec t rons  are co l l ec t ed  over 
broad areas and acce lera ted  and compressed before i n j e c t i o n  i n t o  t h e  area 
immediately adjacent t o  the  probe, The increase  i n  t h e  co l l ec t ed  cu r ren t  
because of t h i s  "assistance" from ion  penet ra t ion  may be the  g r e a t e r  p a r t  
of the  "order of magnitude" excess which e x i s t s  f o r  t h e  streaming plasma 
case when compared t o  s t a t i o n a r y  plasmas, 
t he  power input t o  t h e  probe sur face  is enhanced and evaporation of t h e  
conducting material and/or a b l a t i o n  of t h e  surrounding in su la t ing  material 
becomes poss ib le .  
enhancements i n  co l lec ted  cu r ren t ,  and, u l t ima te ly ,  breakdown conditions.  
F ina l ly ,  t he re  are occasions f n  which e x c i t a t i o n  and ion iza t ion  of (probably) 
evaporating probe material leads  t o  f u r t h e r  charge n e u t r a l i z a t i o n  of t he  
e l ec t ron  flow and f u r t h e r  increases  i n  t h e  allowed drainage cur ren t  of 
e l ec t rons ,  
Because the  c o l l e c t i o n  i s  enhanced, 
Such d e t e r i o r a t i o n ,  when it  occurs leads  t o  even f u r t h e r  
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OPERATION OF SOLAR CELL ARRAYS I N  DILUTE STREAMING PLASMAS 
by Robert K. Cole, H. S. Ogawa, and J. M. Se l len ,  Jr. 
ABSTRACT 
The operation of s o l a r  cel l  a r r ays  i n  d i l u t e  streaming plasmas has 
been examined. 
i n  t h e  c e l l  a r r a y  have been determined f o r  cell  b i a s  p o t e n t i a l s  from 0 t o  
3000 v o l t s  p o s i t i v e  with respec t  t o  t h e  plasma f o r  plasma d e n s i t i e s  ranging 
from lo4 ions/cm3 t o  lo6 ions/cm3. 
plasmas, 
16  t o  50 kilometers/second. 
drainage po in t s  with "pinhole" geometries and "slit" geometries were a l s o  
determined. 
were examined. 
Electron drainage cu r ren t s  from t h e  plasma t o  exposed po in t s  
Argon ions  were u t i l i z e d  i n  the  streaming 
Ion streaming v e l o c i t i e s  i n  t h e  plasma wind tunnel ranged from 
Drainage cu r ren t s  from t h e  plasma t o  re ference  
Ef fec t s  of ambient magnetic f i e l d s  upon e l ec t ron  drainages 
58 
REPORT DISTRIBUTION LIST FOR 
CONTRACT NO. NAS3-10612 
National Aeronautics and Space Administration 
Washington, D. C. 20546 
Attention: RNIJ/Arvin H. Smith 
RN/William H. Woodward 
National Aeronautics and Space Administration 
Scientific and Technical Information Facility 
P.O. Box 33 
College Park, Maryland 20740 
Attention: Acquisition Branch (SQR-34-54) 
National Aeronautics and Space Administration 
Goddard Space Flight Center 
Greenbelt, Maryland 20771 
Attention: W. R. Cherry 
National Aeronautics and Space Administratioq 
Lewis Research Center 
21030 Brookpark Road 
Cleveland, Ohio 44135 
Attention: J. E. Dilley, MS 500-309 
A. F. Forestieri, MS 500-201 
B. Lubarsky, MS 500-201 
D. T. Bernatowicz, MS 500-201 
T. M. Klucher, MS 500-201 
(9 + 1 reproducible) 
N. D. Spakowski, MS 302-1 
Library, MS 3-7 
Report Control Office MS 5-1 
Technology Utilization Office, MS 3-19 
V, F. Hlavin, MS 3-14 
H. Mark, MS 301-1 
J. R. Jack, MS 301-1 
N. T. Grier, MS 301-1 
C. C. Conger, MS 54-1 
S. G. Jones, MS 54-3 
L. Rosenblum, MS 302-1 
National Aeronautics and Space Administration 
Electronics Research Center 
575 Technology Square 
Cambridge, Massachusetts 02139 
Building 575, Room 500 
Attention: Dr. Francis C. Schwarz 
National Aeronautics and Space Administration 
Manned Spacecraft Center 
Houston, Texas 77058 
Attention: A. E. Potter 
Jet Propulsion Laboratory 
4800 Oak Grove Drive 
Pasadena, California 91103 
Attention: Don W. Ritchie 
Institute for Defense Analyses 
Science and Technology Division 
400 Army Navy Drive 
Arlington, Virginia 22202 
Attention: R. C. Hamilton 
Prof, W. R. Mickelsen 
Engineering Center 
Colorado State University 
Fort Collins, Colorado 80521 
Flight Accessories Aeronautics Systems Division 
Wright-Patterson AF Base, Ohio 45433 
Attention: Joe WisefCode APIP-2 
Heliotek Corporation 
12500 Radstone Avenue 
Sylmar, California 74820 
Attention: Eugene Ralph 
Martin Company 
Orlando, Florida 32805 
Attention: Library 
North American Aviation, Inc. 
Autonetics Division 
Anaheim, California 92805 
Attention: P. R. August 
Philco Corporation 
Blue Bell, Pennsylvania 19422 
Attention: Mr. A. E. Mace 
RCA Laboratories 
Princeton, New Jersey 08540 
Attention: Paul Rappaport 
Massachusetts Institute of Technology 
Lincoln Laboratory 
Lexington, Massachusets 02139 
Attention: Dr. A .  G. Stanley, Room D-025 
Hughes Aircraft Corporation 
Space Systems Division 
P.O. Box 90919, Airport Station 
Los Angeles, California 90009 
Attention: Preston DuPont 
TRW Systems 
Electric Power Lab 
One Space Park 
Redondo Beach, California 90278 
Attention: W. Luft 
Boeing Company 
P.O. Box 3707 
Seattle, Washington 98124 
Attention: H. Oman 
Communications Satellite Corporation 
2100 L. Street, N. W. 
Washington, D. C. 20837 
Attention: Denis J. Curtin 
Navy Space Systems Activity 
Air Force Unit Post Office 
Los Angeles, California 90045 
Attention: Richard Silverman 
Lockheed Missiles & Space Company 
P.O. Box 504 
Dept. 58-30 
Sunnyvale, California 94088 
Attention: S. H. Lee, Building 538 
59 
c 
Goadyear Aerospace Corporation 
1210 biassillon Road 
Akron, Ohio 44315 
Attention: Richard Hose 
Lackheed 
6201 East Randolph Street 
Lo6 Angeles, California 90022 
Attention: Ken Ray 
McDonnell Douglas Corporation 
Missile & Space Systems Division 
3000 Ocean Park Boulevard 
Santa Monica, California 90406 
Attention: Howard Weiner 
Martin-Marietta Corporation 
Electronics Research & Development 
P.O. Box 179 
Denver, Colorado 80201 
Attention: John H. Martin 
h 
60 
